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THE  ANTAGONISTIC   ACTION    OF   CALCIUM    UPON 

THE  INHIBITORY   EFFECT  OF  MAGNESIUM.— 

A   DEMONSTRATION. 

Bt   S.  J.  MELTZER  and  JOHN    AUER. 

CALCIUM  and  magnesium  are  closely  related  chemically  and  are  con- 
stant companions  in  the  tissues  of  the  animal  body.  It  is  assumed 
that  both  elements  exert  similar  biological  actions  and  that  both 
cause  or  favor  inhibition.  The  facts  which  lead  up  to  this  now 
prevailing  view  are  well  known  and  will  not  be  discussed  here.  The 
writers  have  recently  established  by  various  experiments  tliat  cal- 
cium is  to  a  great  extent  strikingly  antagonistic  to  the  inhibitory 
effect  of  magnesium.  The  demonstration  consists  in  showing  how 
the  paralysis  and  anxsthesia  of  an  animal  brought  on  by  magnesium 
salt  can  be  made  to  disappear  in  a  minute's  time  by  the  injection 
of  a  calcium  salt.  Similar  relations  exist  in  plant  biology  and 
"therapeutics."  When  growth  is  unfavorable  on  account  of  the 
presence  of  too  much  magnesium  in  the  soil,  the  cure  for  it  is 
"liming."  The  companionship  of  the  two  elements  in  the  animal 
tissues  means,  therefore,  not  an  aggravation,  but,  partly  at  least, 
a  neutralization  of  effects,  or,  to  use  a  happy  expression  of  Loeb, 
it  means  the  production  of  physiologically  balanced  conditions. 


THE  CILIUM  STUDIED  COMPARATIVELY  AS  A  KEY  TO 
THE  STRUCTURE  OF  CONTRACTILE  PROTOPLASM. 

Bv  O.    P.   DELXJNGER  (by  inritation). 

Cilia  are  extensiwis  of  relatively  pure  contractile  tissue  outside  the 
cell.    Reagents  that  preserve  cilia  should  preserve  similar  structural 
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elements  in  the  cell.  Of  the  twenty-eight  reagents  tested  osmic  acid 
only  preserved  cilia  as  they  appear  in  life.  All  other  reagents  de- 
stroyed the  identity  of  the  cilia  more  or  less.  Almost  any  structure 
from  granules  to  alveoli  may  be  obtained  if  the  appropriate  killing 
reagent  is  used.  Killing  agents  probably  moi-e  often  alter  or  destroy 
existing  structures  than  produce  "  artifact  "  structures. 

The  prevailing  opinion  is  that  flagella  are  homogeneous.  The 
flagellum  of  Euglena  is  composed  of  four  fibres  arranged  spirally. 
Specimens  were  teased  fresh  and  photographed.  Other  tissues 
showing  a  fibrillar  structure  are :  cilia  of  Stylonychia,  the  flagellum 
of  Chilomonas,  axil  filament  of  pseudc^>ods  of  Actinosphaerium, 
myonemes  of  Vorticella  and  Stentor,  the  ectosarc  and  endosarc  of 
Amceba,  and  smooth  muscle. 

Alveoli  are  often  found  collected  in  the  angles  of  a  reticulum. 
Probably  a  fibrillar  reticulum  is  always  present  in  protoplasm  that 
shows  an  alveolar  structure. 


FURTHER    OBSERVATIONS    ON    THE    PARENTERAL 
UTILIZATION   OF    CARBOHYDRATES. 


Bv  LAFAYETTE   B.    MENDEL. 


In  an  earlier  communication  it  was  shown  that  the  parenteral  intro- 
duction of  soluble  carbohydrates  for  which  the  animal  organism 
possesses  no  specific  digestive  enzymes  is  followed  by  a  speedy  elim- 
ination of  the  injected  substance  in  considerable  quantity.  Further 
observations  on  the  behavior  of  sucrose  indicate  that  the  sugar  may 
reappear  in  the  urine  in  amounts  reaching  over  90  per  cent  of  that 
introduced  by  subcutaneous  or  intraperitoneal  injection  in  dogs, 
cats,  and  rabbits.  As  yet  we  have  no  evidence  that  the  sugar  re- 
tained is  utilized  by  excretion  into  the  alimentary  tract  and  reabsorp- 
tion  after  inversion.  An  occasional  feature  of  such  experiments  is 
the  elimination  of  levorotatory  substances,  probably  conjugated 
glycuronates.  Attempts  to  induce  an  adaptation  and  better  utiliza- 
tion of  the  sugar  by  repeated  parenteral  injections  have  been  unsuc- 
cessful ;  neither  is  there  a  better  utilization  in  starving  animals. 

Soluble  starch  introduced  parenterally  in  rabbits  is  recovered  only 
in  part  in  the  urine,  in  the  form  of  dextrin-like  compounds.  The 
utilization  (or  retention)  is  most  extensive  afler  subcutaneous  in- 
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jection,  less  after  intraperitoneal,  and  least  after  intravenous  intro- 
duction. Tissue  amylases  apparently  play  some  role  in  this.  A 
complete  utilization,  such  as  Moscatti  has  claimed  for  starch  sus- 
pension, was  never  observed. 


PROTEIN   METABOLISM   IN  THE  DOG— NO.  2.     THE 

INFLUENCE    OF    LOW    CALORIC    VALUES    OF 

NITROGEN  ON  METABOLISM. 

Br  EMIL  OSTERBERG   and  C.  G.  I..  WOLF. 

Animals  were  carried  through  a  period  of  eight  days  of  starvation, 
with  subsequent  four-day  periods  of  twenty,  thirty,  forty,  thirty,  and 
twenty  calories  of  protein  feeding  with  blood  albumin.  The  nitro- 
gen and  sulphur  constituents,  phosphorus  and  chlorin  of  the  urine, 
and  the  nitrogen,  sulphur,  and  phosphorus  of  the  feces  were  deter- 
mined. The  results  show  that  after  inanition  the  retention  of  sulphur 
is  relatively  very  much  greater  than  that  of  nitrogen.  The  elimina- 
tion of  ammonia  follows  pretty  well  the  trend  of  the  nitrogen  elimi- 
nation during  periods  of  protein  feeding,  but  is  relatively  lower  than 
during  starvation  or  when  adequate  amounts  of  food  containing  no 
nitrc^fen  are  administered.  During  protein  feeding  the  creatinin 
remains  practically  constant,  with  varying  amounts  of  nitrogen  in- 
gested. The  creatin  produced  by  starvation  is  inhibited  by  very  small 
amounts  of  protein  feeding.  The  undetermined  nitrogen  follows 
to  a  certain  extent  the  amount  of  protein  ingested,  but  the  nitrogen 
curve  rises  less  rapidly;  relatively  less  undetermined  nitrogen  is 
excreted  with  high  protein  diet.  This  is  not  altogether  the  case  for 
neutral  sulphur.  The  ethereal  sulphur  is  fairly  constant  throughout 
the  experiment,  and  the  amount  of  ethereal  sulphur  bears  no  relation 
to  the  amount  of  indican  excreted. 


THE   REACTION   OF   AM<EBA   TO   STIMULI   OF 
SMALL  AREA. 

Bv    ].   F.    McCLENDON  (by  invitali™). 

Am(eba  proteus  does  not  respond  to  mechanical  stimuli  of  small 
area  unless  the  stimulation  is  repeated  at  intervals  of  time  not  ex- 
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ceeding  one  to  three  seconds.  Even  when  a  glass  needle  was  stuck 
through  the  Amceba  no  response  was  observed.  When  stimulated 
chemically  by  pricking  with  a  copper  needle  of  extreme  fineness, 
the  stimulus  was  conducted  through  the  protoplasm  with  a  speed 
not  less  than  and  probably  greater  than  the  movement  of  the  hydro- 
gen ion  in  aqueous  solution. 

In  the  food  taking  of  the  amceba,  the  advancing  edge  is  stimu- 
lated at  the  point  of  contact  with  the  food  and  contracts.  The 
advance  of  portions  on  each  side  of  this  point  continues  until  the 
food  is  surrounded.  Many  factors  complicate  the  process,  but  these 
factors  probably  enter  in  in  most  cases. 


THE    EFFECTS    OF    PROLONGED    CENTRIFUGAL    FORCE 
ON    PARAMCECIUM. 

Bv  J.  F.   McCLENDON  (by  inviutkHi). 

The  nuclei  of  Paranioecium  (especially  the  chromatin  portions)  are 
heavier  than  the  endosarc  and  are  precipitated  to  one  end  of  the 
organism  by  the  centrifuge.  Paramoecium  caudatum  was  kept  alive 
in  the  centrifuge  from  five  minutes  to  seven  days.  After  removal 
the  nuclei  slowly  regained  their  normal  positions,  but  in  some  cases 
this  process  took  several  generations  of  the  organism  for  comple- 
tion. The  rate  of  division  is  greater  in  Paramcecia  that  have  been 
centrifuged  than  in  the  control.  The  experiments  are  being  con- 
tinued to  determine  what  other  changes  take  place. 


THE  EFFECT  OF  STIMULATION  OF  THE  VAGI  UPON 
THE  ONSET  AND  DEVELOPMENT  OF  RIGOR  MORTIS 
OF  THE   MAMMALIAN  HEART. 

Bv   DON    B.  JOSEPH    anh  S,  J.   MEI.TZER. 

Stimul.ation  of  motor  nerves  hastens  the  CMiset  of  rigor  mortis  of 
the  corresponding  skeletal  muscles.  On  the  hypothesis  that  stimu- 
lation of  inhibitory  ner\es  might  retard  the  development  of  rigor 
the  effect  of  stimulation  of  the  vagi  upon  the  onset  of  cardiac  rigor 
was  studied.  The  results  did  not  bear  out  the  hypothesis,  and  the 
reverse  was  found  to  take  place.    Tlie  observations  were  made  on 
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42  dogs,  16  cats,  and  10  rabbits.  Death  was  caused  by  bleeding  and 
wide  opening  of  the  thorax.  There  was  practically  in  all  animals 
a  distinct  difference  between  the  hearts  of  animals  whose  vagi  were 
stimulated  and  th(»e  of  the  controls.  The  hearts  of  the  stimulated 
animals  stopped  beating  earlier,  the  rigor  set  in  sooner  and  attained 
its  maximum  tn  a  shorter  time,  than  in  the  controls.  It  was  found, 
however,  that  the  rigor  of  the  skeletal  muscles  also  constantly  ap- 
peared earlier  in  the  animals  whose  vagi  were  stimulated.  The  most 
^ausible  explanation  would  seem  to  be  that  a  certain  degree  of 
anemia  resulting  from  the  frequent  stoppages  or  retardations  of  the 
heart  beats  might  be  the  essential  cause  of  the  earlier  onset  of  the 
rigor  of  the  heart  as  well  as  of  the  skeletal  muscles. 


ON   DIFFERENCES    BETWEEN    THE    BULBAR   AND 
SPINAL  VASOMOTOR  CELLS. 

By  W.   T.  porter   and  W.  I.  CLARK. 

The  vasomotor  nervous  system  is  composed  of  bulbar,  spinal,  and 
sympathetic  neurons.  Were  these  all  of  one  order,  they  would  react 
equally  to  the  same  stimulus.  In  other  words,  the  sciatic  reflex  and 
the  depressor  reflex  should  both  be  increased  or  both  be  diminished 
by  the  action  of  the  same  agent.  The  authors  find  that  the  several 
neurons  are  affected  in  different  ways  by  the  same  drug.  Curare, 
for  example,  affects  the  depressor  rdlex  in  cme  way,  and  the  sciatic 
reflex  in  another.  The  experiments  seem  to  demonstrate  a  specific 
difference  between  the  bulbar  and  the  spinal  motor  cells,  It  is  hoped 
that  a  therapy  of  the  vasomotor  cells  may  later  be  established. 


A    COMPARATIVE    STUDY    OF    VASOMOTOR    REFLEXES. 

Bv  W.  T.  PORTER   and   R.    RICHARDSON. 

Induction  currents  of  the  same  intensity  were  applied  to  the  sciatic 
and  the  brachial  nerves  of  the  curarized  rabbit,  cat,  dog,  guinea- 
pig,  rat,  and  hen,  and  the  consequent  rise  in  blood  pressure  meas- 
ured. The  level  of  the  blood  pressure  at  the  beginning  of  stimula- 
tion was  taken  into  account  by  expressing  the  change  in  blood 
pressure  as  a  percentage  of  this  level.  The  percentile  changes  in 
each  animal  were  as  follows : 
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Rabbit 56  47 

Cat 47  45 

Dog 25  30 

Guinea-pig 34  33 

Rat 55  41 

Hen 54  41 

These  figures  may  be  chatted  slightly  by  the  addition  of  new 
material.  They  permit  the  ccmclusion  that,  on  the  whole,  the 
vasomotor  relations  in  these  animals  are  fundamentally  alike. 


THE  REACTIONS  OF  PERIPHERAL  VASOMOTOR  AREAS. 

Bv  W.  T,  PORTER  And   F,   H.  PRATT. 

An  artificial  circulati<Mi  is  established  through  the  hind  limb  of  a 
cat,  and  the  flow  measured  by  a  counter  which  records  the  drops 
flowing  out  of  the  femoral  vein.  All  connection  between  the  blood 
vessels  in  the  limb  and  those  in  the  body  is  shut  off.  If  the  carotid 
artery  be  now  opened,  the  general  blood  pressure  will  fall  sharply. 
The  vessels  in  the  isolated  limb  will  then  constrict.  If  the  general 
blood  pressure  be  sharply  raised,  the  vessels  in  the  isolated  limb 
will  dilate.  Thus  variations  in  the  general  blood  pressure  give  rise 
to  a  protective  reflex,  tending  to  raise  the  blood  pressure  when  it 
has  fallen,  and  to  lower  it  when  too  high.  Similar  results  are  gained 
when  the  limb  is  placed  in  a  plethysmograph. 


SURVIVAL   OF   TISSUES   AND   ORGANS   UNDER 
PERFUSION. 

By  C.  C.  GUTHRIE. 

It  has  been  shown  ^  that  in  the  excised  mammalian  heart  which  has 
not  been  previously  asphyxiated,  changes  of  pressure  in  the  coronary 
vessels  cause  little  or  no  change  in  the  rate  of  beat.  The  heart  that 
has  been  asphyxiated  by  stopping  the  circulation  for  a  time,  responds 

'  Guthrie  and  Pike:  This  journal,  1907,  xviii,  p.  14. 
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readily  to  the  changes  in  pressure.  Increase  in  pressure  augments 
the  rate,  and  decrease  in  pressure  diminishes  the  rate. 

This  would  seem  to  indicate  the  presence  of  a  local  controlling 
mechanism,  relatively  susceptible  to  anxmia. 

The  nature  of  this  mechanism  is  being  further  investigated  by 
studying  the  behavior  of  unasphyxiated  and  asphyxiated  hearts 
under  the  influence  of  drugs.  From  the  results  thus  far  obtained  it 
would  seem  that  certain  differences  exist. 


A  STUDY  OF  THE  RESPIRATORY  AND  CARDIAC  AC- 
TIVITIES AND  THE  BLOOD  PRESSURE  IN  THE 
SKATE  AFTER  INTRAVENOUS  INJECTIONS  OF  SALT 
SOLUTIONS. 


Solutions  of  sodium  chloride,  potassium  chloride,  calcium  chloride, 
magnesium  sulphate,  magnesium  chloride,  sodium  carbonate,  urea, 
sodium  hydrate,  hydrochloric  acid,  barium  chloride,  sodium  sulphate, 
and  ammonium  chloride  were  injected  in  the  caudal  vein  of  the 
skate  at  the  rate  of  4  c,c,  per  kilo  of  body  weight.  The  blood  pres- 
sure and  the  respiratory  and  cardiac  movements  were  simultaneously 
recorded  before,  during,  and  long  after  the  injections. 

It  was  found  that  a  definite  quantity  of  some  salts  stimulates,  but 
a  larger  dose  inhibits,  or  vice  versa,  one  or  more  of  the  above  func- 
tions. Certain  salts  stimulate  the  heart ;  others  the  respiration.  Tiie 
rate  may  be  influenced  separately  from  the  force.  A  table  was  pre- 
sented to  show  the  average  results  of  some  of  the  experiments. 


FURTHER    RESULTS    ON    HETEROTRAXSPLANTATION 
OF  BLOOD  VESSELS. 


A  SEGMENT  of  the  abdominal  aorta  of  a  cat  was  interposed  and 
sutured  between  the  cut  ends  of  a  dog's  carotid  artery ;  and  a  similar 
.  s^fment  from  a  rabbit  was  transplanted  into  another  dog  in  the  same 
manner.' 

'  Guthrie:  This  journal,  1907,  xix,  pp.  482-486. 
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After  seven  and  one  half  months  in  the  first  case  and  eight  months 
in  the  second,  the  circulation  in  each  was  excellent. 

Upon  clinical  examination,  marked  enlargement  of  the  segment 
and  thickening  of  the  wall  was  apparent  in  both. 

On  removal  of  the  segment  of  rabbit's  aorta,  direct  inspection  con- 
firmed the  clinical  findings.  The  lumen  was  greatly  enlarged  and 
free  from  obstruction.  The  total  diameter  of  the  segment  was  sev- 
eral times  increased  and  the  wall  thickened.  The  intimal  surface 
was  smooth,  glistening,  and  continuous  with  the  intima  of  the  caro- 
tid at  both  ends.  Structural  changes  were  marked  as  evidenced  by 
a  decrease  in  pliability,  increase  in  transparency,  and  by  histological 
examination,  which,  though  not  yet  complete,  showed  that  the  trans- 
planted segment  had  become  more  homogeneous. 

Experimental  studies  on  the  nature  of  the  physiological  changes 
in  such  transplanted  blood  vessels  are  being  carried  on. 


FURTHER  STUDIES  IN  THE  PHYSIOLOGY  OF  HE.\RT 
BLOCK  IN  MAMMALS.  CHRONIC  AURICULO-VEN- 
TRICULAR  HEART  BLOCK  IN  THE  DOG. 

Bv  JOSEPH    ERLANGER,  JULIAN    R.  BLACKMAN,  and  EKNEST   K.  CULLEN. 

Chronic  auriculo-ventricular  heart  block  was  produced  in  dogs 
either  by  injecting  iodine  into  the  region  of  the  auriculo-ventricular 
bundle  or  by  crushing  that  bundle,  tc^ether  with  a  small,  vari- 
able bit  of  tissue  in  its  immediate  vicinity,  in  the  clamp  devised  for 
that  purpose.  The  operation  was  performed  upon  thirteen  animals 
in  all.  Six  died  within  twenty- four  hours.  Seven  (Nos.  3,  4,  7.  8. 
II,  12,  13)  survived  for  from  6  to  278-I-  days.  No.  4  had  only  a 
slight  partial  block  which  disappeared  within  forty-eight  hours. 
No.  3  had  at  first  relatively  complete  block  from  which  it  recovered 
completely  in  twenty-six  days.  Then  auriculo-ventricular  block  \\  as 
again  produced  by  again  crushing  the  bundle.  Autopsy  indicated 
that  the  first  block  had  been  caused  by  compression,  rather  than  by 
destruction,  of  the  auriculo-ventricular  bundle  and  that  recovery 
had  occurred  with  decompression.  All  of  the  other  cases  iiad  com- 
plete block,  in  all  probability  throughout  life,  as  determined  by 
almost  daily  tracings  of  the  heart  beat.  Two  died  unexpectedly. 
No.  7  on  the  twenty-eighth.  No.  9  on  the  ninety-second  day.    No.  1 1 
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died  of  purulent  pericarditis  on  the  sixth  day.  Nos.  12  and  13  are 
still  alive  and  vigorous,  two  hundred  and  seventy-eight  and  two 
hundred  and  sixty-nine  days,  respectively,  since  the  operation. 

Excepting  the  typical  features  of  complete  auriculo-ventricular 
heart  block,  the  following  phenomena  are  of  sufficient  interest  to 
warrant  special  mention :  ( i )  No.  7  had  at  times  Cheyne-Stokes 
respiration.  With  the  begriming  of  the  period  of  hyperpncea  there 
was  usually  marked  slowing  of  the  ventricular  rate  and  accelera- 
tion of  the  auricular  rate.  Marked  rhythmic  fluctuations  of  the 
rate  of  the  auricles  alone  were  sometimes  seen  in  the  other  cases, 
usually  while  they  were  resting  quietly.  (2)  No.  11  had  epilepti- 
form seizures  typical  in  every  way  of  Stokes-Adams  disease,  and 
Nos.  8  and  12  had  typical  attacks  of  syncope,  (3)  Often  a  remark- 
able synchronism  was  noted  between  respirations  and  ventricular 
beats.  (4)  In  cases  8  and  13  on  the  eightieth  and  seventy-fifth 
days,  respectively,  the  peripheral  end  of  the  vagus  was  exposed  and 
stimulated.  The  result  was  the  usual  inhibition  of  the  auricles, 
whereas  the  ventricular  rate  was  practically  unaffected. 


DISPUTED  POINTS  IN  THE  HISTOLOGY  OF  THE  SUB- 
MAXILLARY GLAND  AND  THEIR  PHYSIOLOGICAL 
SIGNIFICANCE. 

By  CHR,  SIHLER  (b)  inviution). 

Teasing  the  gland  of  the  kitten  stained  in  Beale's  carmine,  one 
sees  upon  examining  an  alveolus  with  its  adjoining  capillary  five 
kinds  of  nuclei :  First,  are  darker  red  roundish  forms,  which  belong 
to  the  gland  cells.  Second,  are  pale-red  nuclei  of  oval  form,  which 
upon  manipulation  of  the  alveolus  by  aid  of  needle  and  coverglass 
can  be  shown  to  adhere  to  the  basement  membrane,  and  which  on 
general  principles  can  be  looked  upon  as  the  nuclei  of  endothelial 
cells  covering  the  membrana  propria.  Tlie  third  form  are  the  nuclei 
of  the  demilunes,  a  dark  red  and  of  demilunar  form.  That  they 
are  nothing  else  than  the  endothelial  cells  just  described  can  be 
shown  by  flattening  them  out  by  pressing  the  coverglass  down,  slid- 
ing the  needle  back  and  forth.  There  is  then  in  the  gland  an  ex- 
tensive serous  cavitj'  zi'ithin  which  the  capillaries  are  suspended. 
The  fourth  class  of  nuclei  are  those  of  the  capillary  walls,  and  the 
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fifth  conspicuous  nuclei  on  the  outside  oi  the  capillaries.  That 
these  are  the  nuclei  of  the  nerves  supplying  the  gland  can  be  shown 
by  tracing  the  nerve  bundles  by  aid  of  the  acetic-acid-haemotoxylene 
method,  according  to  which  small  fasciculi  containing  one  or  two 
nucleated  fibrils  inclosed  in  Henle's  sheath  can  be  distinguished  as 
the  structures  ready  to  unite  with  the  structures  they  are  to  supply. 
These  same  nucleated  fibrils  can  now  be  seen  on  the  capillaries  and 
have  not  been  seen  anywhere  else.  So  the  chorda-tympani  ends  at 
a  plexus  on  the  capillaries  of  the  gland. 

It  follows  that  the  glands  are  innervated  by  way  of  the  capillaries. 
The  endothelial  ( ?)  cells  composing  them  are  during  nervous  stim- 
ulation changed  in  their  molecular  structure  or  vital  activity.  A 
lymph  current,  different  from  that  of  the  resting  stage,  is  pro- 
duced. This  change  in  lymph  supply,  with  modifications  of  pres- 
sure and  chemical  conditions,  forms  the  adequate  stimulus  for  the 
gland  cell.  This  theory,  however,  must  not  be  confounded  with  a 
vasomotor  theory,  nor  does  it  deny  any  of  the  important  functions 
of  the  gland  cells. 


SOME  OBSERVATIONS  ON   THE  NEURO-MUSCULAR 
MECHANISM   OF  THE   .ALIMENTARY   CANAL. 


By  use  of  a  modification  of  the  method  used  by  Magnus  the  local 
•  reflex  already  described  for  the  intestines  was  proved  true  of  the 
stomach  and  of  that  part  of  the  oesophagus  having  smooth  muscle. 
This  observation,  together  with  the  observation  that  the  cardiac  and 
pyloric  sphincters  obey  the  same  reflex,  indicates  that  the  alimentary 
canal  is  a  unity,  made  orderly  by  the  local  reflex  in  the  myenteric 
plexus. 

When  the  small  intestine  is  stimulated  simultaneously  and  at  equal 
distances  above  and  below  the  recording  ring,  by  equal  stimuh,  the 
result  is  contraction  of  the  recording  ring  —  the  positive  effect  pre- 
vails over  the  negative. 

Evidence  thus  far  secured  points  to  a  reversal  of  the  local  reflex 
in  states  of  increasing  or  high  tonus. 
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THE    PYRIMIDINE    DERIVATIVES    IN    TRITICONUCLEIC 

Aaa 

Bv  THOMAS  B.  OSBORNE  and  F.   W.  HEYL. 

BuRiAN  has  raised  the  question  whether  or  not  the  uracil  and  cyto- 
sine  that  are  formed  by  severe  hydrolysis  of  nucleic  acid  do  not 
result  from  the  purines,  owing  to  the  action  of  strong  sulphuric 
acid  in  the  presence  of  carbohydrates. 

We  have  found  that  this  is  not  the  case  for  triticonucleic  acid. 
The  purines  were  separated  by  boiling  for  two  hours  with  2  per  cent 
sulphuric  acid  and  precipitating  them  with  a  hot  solution  of  silver 
sulphate  in  2  per  cent  sulphuric  acid.  The  purine-free  solution  was 
concentrated  and  ammonia  and  total  nitrogen  determined  in  an 
aliquot  part.  It  was  then  concentrated  further  until  it  contained 
20  per  cent  of  sulphuric  jcid  and  heated  for  two  hours  at  150°. 
After  filtering  out  and  washing  the  humus  the  solution  contained 
exactly  the  same  amount  of  ammonia  as  before,  and  yielded  con- 
siderable quantities  of  cytosine  and  uracil,  which  were  identified  by 
their  crystalline  forms,  decomposition  points,  and  nitrogen  content. 

It  is  therefore  evident  that  cytosine  and  uracil  do  not  result  from 
decomposition  of  the  purines,  and  further  that  uracil  was  not  formed 
from  cytosine,  for  in  either  case  a  relatively  considerable  quantity 
of  ammonia  would  have  been  found. 


OBSERVATIONS   ON    THE    INFLUENCE    OF    CARBO- 
HYDRATES ON   PROTEIN   METABOLISM. 


Experiments  were  reported  showing  the  effect  on  the  protein 
metabolism  of  dogs  of  different  amounts  of  cane  sugar  fed  alone. 
The  effect  depends  in  large  measure  on  the  nutritive  condition  of  the 
animal  at  the  time  of  feeding.  For  example,  in  a  dog  containing 
a  large  amount  of  body-fat  25  per  cent  of  the  energy  requirement 
(42  gm.  of  cane  sugar)  produced  no  reduction  of  the  total  nitrogen 
in  the  urine.  In  marked  ccwitrast  with  this  was  an  emaciated  dog 
(previously  reported*),  of  exactly  the  same  weight  at  the  time  of 

*  This  journal,.  1907,  xx,  p.  253. 
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feeding,  in  which  the  same  amount  of  sugar  produced  a  reduction 
of  13,3  per  cent,  and  a  pregnant  dc^  near  term,  also  of  the  same 
weight  at  the  time  of  feeding,  in  which  after  three  days  of  fasting 
the  same  ingestiwi  produced  a  reduction  of  more  than  30  per  cent. 
In  the  fat  dog  the  reduction  with  53  per  cent  of  the  requirement 
(84  gm.  of  cane  sugar)  was  approximately  half  that  obtained  with 
I  ro  per  cent  ( 168  gm.  cane  sugarj , 

The  cane  sugar  produced  in  the  fat  dog  a  marked  increase  in  the 
percentage  of  ammonia  eliminated,  the  increase  being  greater  the 
greater  the  amount  ingested.  There  is  at  the  same  time  a  corre- 
spCMiding  reduction  in  the  percentage  of  urea  nitrogen.  In  all  the 
d<^s  there  is  an  increase  in  the  creatinin  output  on  the  sugar  days. 
No  constant  change  in  the  creatin  output  or  in  that  of  the  undeter- 
mined nitrogen  was  observed. 

In  the  pregnant  dc^  the  most  noteworthy  observation,  aside  from 
the  great  reduction  in  the  total  nitrogenj)roduced  by  the  sugar,  was 
the  very  high  excretion  of  preformed  creatin.  On  the  third  fasting 
day,  just  previous  to  the  sugar-feeding  there  were  0.264  E*"-  '"  t^* 
urine;  cm  the  two  sugar  days  0.441  and  0.513  gm.,  respectively,  and 
on  the  fasting  day  following  the  sugar,  0.491  gm.  The  dc^  weighed 
\2  kg.  This  high  creatin  was  observed  also  in  another  pregnant  dog 
where  on  a  third  fasting  day  it  amounted  to  40  mg.  per  kilogram  of 
weight. 

0.\   THE   LEUCOMAINS   OF   COD   LIVER  OIL. 
Bv  P.  B.   Hawk, 

Three  samples  of  oil  were  examined.  c«e  light  amber  in  color, 
another  light  brown,  and  finally  a  dark  brown  oil.  The  method 
of  isolating  the  leucomains  was  essentially  that  suggested  by  Gautier 
and  Mourgues.  It  is  very  ccmiplex  and  time-consuming.  The  leu- 
comains were  finally  obtained  in  the  form  of  oxalates,  which  were 
then  brought  into  solution  in  water  and  potassium  hydroxide  added, 
whereupon  there  separated  a  rather  thick  oil  of  a  brownish  color. 
This  oil  was  dried  over  potassium  hydroxide  and  then  subjected  to 
distillation  to  separate  the  volatile  from  the  non-volatile  portion. 
The  weight  of  leucomains  per  kilogram  of  oil  was  as  follows: 

Gm. 

Light  amber  oil i-o6 

Light  brown  oil \'\^ 

Dark  brown  oil       1.09' 
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The  volatile  portion  upon  being  subjected  to  fractional  distillation 
yielded  specific  volatile  substances  at  87°-90°  C,  96 "-gS"  C,  ioo°- 
roi°  C,  and  ipS^-zoo"  C.  These  fractions  were  subjected  to 
repeated  distillations,  and  finally  the  first  one  was  .found  to  boil 
at  86°  C,  the  second  at  97°-98°  C,  the  third  at  101°  C,  and 
the  fourth  at  199°  C.  Upon  chemical  examination  these  sub- 
stances proved  to  be  butylamine,  amylamine,  hexylamine,  and 
dilydrolutidme. 

From  the  non-volatile  portion  I  succeeded  in  isolating  and  iden- 
tifyii^  the  base,  morrhuine.  The  other  base,  aselline,  mentioned 
by  Gautier  and  Mourgues,  I  was  unable  in  any  instance  to  identify. 


A  PREUMIXARY  CONTRIBUTION  TO  THE  CHEMISTRY 
OF  THE  INFUNDIBULAR  PORTION  OF  THE  PITU- 
ITARY GLAND. 


Bv  T.  B.  ALDKICH. 


The  infundibular  portion  of  the  pituitary  body  (cattle)  is  care- 
fully separated  from  the  hypophysis  cerebri  and  ground  to  a  fine 
pulp.  It  is  then  heated  on  the  steam  bath  with  twelve  times  its 
weight  of  water,  containing  about  o.  i  per  cent  of  acetic  acid,  and 
the  resulting  coagulated  proteid  removed  by  filtraticm.  The  re- 
maining proteid,  tf^ether  with  the  phosphates,  is  removed  for  the 
most  part  with  uranium  acetate.  The  filtrate  is  nearly  colorless, 
usually  free  from  proteid,  and  contains  practically  all  the  active 
blood-pressure-raising  body.  One  cubic  centimetre  of  such  an 
extract,  when  injected  intravenously,  causes  a  rise  of  from  15  to 
45  mm.  of  mercury  and  a  proncyinced  slowing  of  the  heart,  de- 
pending on  the  sensitiveness  of  the  dog  employed ;  the  pressure 
remaining  above  normal  in  some  instances  half  an  hour.  One 
cubic  centimetre  of  such  an  extract  ccmtains  about  o.i  gm.  of  the 
moist  infundibular  portion,  or  o.oi  gm.  (1/16  grain)  of  the  dry, 
and  the  active  body  must  be  a  fraction  of  the  latter.  I  think  I  am 
safe  in  saying  that  the  active  body  causing  this  rise  of  pressure 
is  not  more  than  1/32  gm.  or  less. 

A  crystalline  picrate  was  obtained  from  the  concentrated  extract 
when  aqueous  or  alcoholic  solutions  of  picric  acid  were  added  to 
the  same.    Twenty-five  milligrams  of  the  dry  picrate  ususilly  caused 
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a  rise  of  15  to  40  mm.  of  mercury.     A  sulphate  in  solution  was 
prepared  frcwn  the  picrate,  this  being  also  active- 

Platinic  chloride  also  gives  a  double  salt  when  added  to  the  con- 
centrated extract.  It  has  not  been  determined  whether  this  body 
is  active  or  not. 


A  NEW  CRITERION  FOR  THE  DETERMINATION  OF  THE 
SYSTOLIC  BLOOD  PRESSURE  WITH  THE  SPHYGMO- 
MANOMETER   (WITH    DEMONSTRATION). 

Bv   JOSEPH   ERLANGEK. 

While  the.  pressure  exerted  on  the  arm  by  the  sphygmomano- 
meter exceeds  the  systolic  pressure,  the  lever  of  the  instrument 
describes  upon  the  revolving  drum  waves  of  no  inconsiderable  size. 
When  the  pressure  is  allowed  to  fall  slowly,  this  wave  gradually 
increases  in  amplitude,  but  at  the  moment  it  falls  below  the  systolic 
pressure  the  wave  usually  suffers 
an  abrupt  increase  in  amplitude 
(method  of  v.  Recklinghausen). 
At  the  same  time  the  charac- 
ter of  the  motion  of  the  lever 
changes.  It  has  been  found  that 
"^I  '    if  the  drum  be  allowed  to  revolve 

a  bit  more  rapidly  than  it  is 
arranged  to  move,  so  that  each 
wave  subtends  about  ij/^  to  2  mm.  of  smoked  paper  (this  speed  is 
attained  merely  by  removing  the  governor),  the  change  in  form 
of  the  successive  waves  manifests  itself  usually  as  a  more  or  less 
abrupt  separation  of  the  ascending  and  descending  strokes  of  the 
pulse  record  (Fig.  i).  The  phenomenon  may  vary  somewhat 
with  the  form  of  the  pulse  wave  and  may  even  be  ol^cured  by 
fling,  but  there  has  been  no  great  difficulty  in  recognizing  it  in 
every  case.  It  is  often  very  clear  when  the  tracing  shows  no 
abrupt  increase  in  amplitude  whatsoever.  It  is  just  as  accurate 
an  index  to  the  systolic  pressure  as  the  "  sensory  criterion  "  and 
that  of  v.  Recklinghausen.  The  change  in  form  occurs  because,  at 
the  moment  the  pressure  on  the  artery  falls  below  systolic,  blood 
succeeds  in  making  its  way  beneath  the  cufiF.    This  must  be  squeezed 
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out  before  the  lever  can  return  to  the  base  line,  whereas  at  higher 
pressures  the  lever  is  raised  cmly  through  the  hydraulic  ram  action 
of  the  pulse  wave  upon  the  upper  edge  of  the  cuflE.' 


The  following  communications  were  also  presented : 

Further  Comuunication  on  the  Effect  of  Vagus  Inhibition  on 
THE  Output  of  Potassium  from  the  Heart.  By  W.  H. 
Howell  and  W.  W.  Duke. 

Protein  Metabolism  in  Fasting.    By  O.  Folin, 

Experimental  Glycosuria.    By  J.  J.  R.  Maclec»}. 

Preliminary  Report  of  Certain  Investigations  as  to  the  Nature 
OF  Peptones.    By  H.  D.  Raskins. 

The  Spontaneous  Oxidation  of  some  Cell  Constituents.  •  By 
A.  P.  Mathews. 

On  tbe  Chemical  Study  of  Mental  Disorders.  By  Waldemar 
Koch  (read  by  title). 

Concerning  the  Phakmacological  Action  of  Potassium  Iodide. 
By  L.  B.  Stookey  and  V.  Gardner. 

The  Chemistry  of  Hypernephromas.    By  H.  Gideon  Wells. 

On  the  Composition  of  Normal  Lymph  from  the  Neck  Lym- 
phatics OP  the  Horse.    By  J.  R.  Greer  (by  invitation). 

The  Presenceof  Glucose  in  Saliva.    By  J.  G.  Ryan  (by  invitation). 

Daily  Life  of  Am<sba  Proteus.  By  C.  F.  Hodge,  D.  Gibbs,  and 
O.  P.  Delunges, 

The  Relation  of  Plasticity  to  Ace  in  the  Dancing  Mouse.  By 
R.  M.  Yerkes. 

The  Bacterio-Agglutinating  Action  of  Lymph  under  differ- 
ent Conditions  of  Lymph  Formation.  By  B.  Braude  (by 
ihvitation). 

The  Relative  Hemolytic  Action  of  Serum  and  Lymph  undqc 
Different  Conditions  of  Lymph  Formation.  By  T.  Hughes 
(by  invitation). 

The  Osmotic  Concentration  of  the  Blood  during  An.ssthesia. 

By  A,  B.  Luckhardt  (by  invitation)'. 
Vasomotor  Reflexes  after  Excessive  Hemorrhage.     By  W.  T. 
Poster  and  H.  K.  Marks. 

*  Compare :  |ohDs  Hopkins  Hospital  reports,  1904,  xii,  pp.  53  and  108 ;  also 
This  journal,  1901-1902,  vi,  p.  xxii. 
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On  the  Mechanism  of  the  Eubkyonic  Heakt  Rhythm.    By  A.  J. 

Carlson  and  W,  J,  Meek. 
CbHrAJtist^N  OF  THE  Xekvol's  System    is  the  Nokmal  Albino 

Rat  with  the  NEn'ous  System  in  those  Experimentally 

Stunted,    By  S.  Hatal 
Observations  on  the  Effect  op  Excessi\'e  Transfusion  of  Bloodl 

By  G.  W,  Crile  (by  invitation). 
The  Relation  of  Curara  to  "  Xer\'e  Ending"  and  "Receptive 

Substance."    By  C.  W.  Edmunds  and  G.  B.  Roth. 

EVAPfjRATION  of  WaTER  FROM  THE  SkIN  AND  AlB  PASSAGES  OF  &IeN 

AT  Rest.    By  W.  P.  Lombard, 
Concerning  the  Guajac  Reaction,    By  C.  I*  Alsberg, 
Ionic  Potential  and  Toxicity.     By  A,  P.  Mathews  and  R.  H, 

NiCHOLI.  , 

Some  Points  in  Lymph  Formation.    By  A.  J.  Carlson,  J.  R.  Greer, 

AND  F.  C  Eecht. 
On  the  Nature  of  the  Heat  Paralysis  in  \er\'ous  Tissues.     By 

F.  C.  Becht  {by  invitation). 
Studies  in  the  Resuscitation  of  the  Central  Xervous  System. 

By  F.  H.  Pike  (by  invitation). 
Further  Studies  on  the  Relation  of  the  Oxygen  Supply  to  the 

Composition  of  Saliva.    By  F.  C.  McLean  (by  invitatic»). 
The  Structure  of  the  Heart  Muscle  of  Limulus.    By  W.  J.  Meek 

(by  invitation). 
Observations  on  Human  Chyle.    By  W.  S.  Hall. 
An  Attempt  to  determine  the  Mechanism  of  Protein  Metabo- 
lism in  Starvation,     By  A.  Woelfel  (by  invitation). 
Pseudo-Fatigue  of  the  Spinal  Cord.    By  F.  S.  Lee. 
The  Temperature  Coefficient  of  Nervous  Conduction  as  deter- 
mined on  the  Ischiadicus  of  the  pRoa    By  C.  D,  Snyder  (by 

invitation). 
The  Resuscitation  of  Animals  killed  by  An-esthetics  (with 

dem<Histration).    By  G,  W,  Crile  (by  invitation). 
The  Relation  of  Organ  Activity  to  Lymph  Formation  in  the 

Salivary   Glands   (with   demcmstration).     By  A.   J,   Carlson, 

J,  R,  Greer,  and  F.  C.  Becht. 
Demonstration  of  an  Apparatus  for  the  Extraction  of  Nerve 

Tissues.    By  W.  Koch. 
Demonstration  of  a  COj  Apparatus.    By  E,  P.  Lyon. 
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An  Improved  Kymograph.    By  W.  T,  Porter. 

Demohstration  of  a  Model  showing  Effects  of  Lesions  of  Heart 

Valves  and  "  Compensation  "  on  the  Circulation.    By  W.  P. 

Lombard. 
A  New  Form  of  Electric  Signal.    By  W.  P.  Lombard, 


RECOMMENDATIONS  OF  THE  COMMITTEE  ON 
PROTEIN   NOMENCLATURE. 

Since  a  chemical  basis  for  the  nomenclature  of  the  proteins  is  at 
present  not  possible,  it  seemed  important  to  recommend  few  changes 
in  the  names  and  definitions  of  generally  accepted  groups,  even 
though  in  many  cases  these  are  not  wholly  satisfactory.  The  recom- 
mendations are  as  follows : 

First ;  The  word  proieid  should  be  abandoned. 

Second :  The  word  protein  should  designate  that  group  of  sub- 
stances which  consists,  so  far  as  at  present  is  known,  essentially  of 
combinations  of  a-amino-acids  and  their  derivatives,  e.  g.,  o-amino- 
acetic  acid  or  glycocoU,  d-amino-propionic  acid  or  alanine ;  phenyl- 
o-amino  propionic  acid  or  phenylalanine,  guanidine-amino-valerianic 
acid  or  arginine,  etc.,  and  are  therefore  essentially  polypeptides. 

Third :  That  the  following  terms  be  used  to  designate  the  various 
groups  of  proteins: 

I.  The  Simple  Proteins. 

Protein  substances  which  yield  only  a-amino  acids  or  their  deriva- 
tives on  hydrolysis. 

Although  no  means  are  at  present  available  whereby  the  chemical 
individuality  of  any  protein  can  be  established,  ?  number  of  simple 
proteins  have  been  isolated  from  animal  and  vegetable  tissues  which 
have  been  so  well  characterized  by  constancy  of  ultimate  composi- 
■tion  and  uniformity  of  physical  properties  that  they  may  be  treated 
as  chemical  individuals  until  further  knowledge  makes  it  possible  to 
characterize  them  more  definitely. 

The  various  groups  of  simple  proteins  may  be  designated  as 
follows : 

(a)  Albumins.  —  Simple  proteins  soluble  in  pure  water  and 
coagulable  by  heat. 
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{b)  Globulins.  —  Simple  proteins  insoluble  in  pure  water  but 
soluble  in  neutral  solutions  of  salts  of  strong  bases  with  strong 
acids.' 

(c)  Glutelins.  —  Simple  proteins  insoluble  in  all  neutral  solvents 
but  readily  soluble  in  very  dilute  acids  and  alkalies.* 

(d)  Alcohol-soluble  proteins.  —  Simple  proteins  soluble  in  rela- 
tively strong  alcohol  (70-80  per  cent),  but  insoluble  in  water,  abso- 
lute alcohol,  and  other  neutral  solvents.' 

{e)  Albuminoids.  —  Simple  proteins  which  possess  essentially 
the  same  chemical  structure  as  the  other  proteins,  but  are  character- 
ized by  great  insolubility  in  all  neutral  solvents.* 

(/)  Histones.  —  Soluble  in  water  and  insoluble  in  very  dilute 
ammonia  and,  in  the  absence  of  ammonium  salts,  insoluble  even  in 
an  excess  of  ammonia;  yield  precipitates  with  solutions  of  other 
proteins  and  a  coagulum  on  heating  which  is  easily  soluble  in  very 
dilute  acids.  On  hydrolysis  they  yield  a  large  number  of  amino- 
acids  among  which  the  basic  ones  predominate. 

(s)  Protamines.  —  Simpler  polypeptides  than  the  proteins  in- 
cluded in  the  preceding  groups.  They  are  soluble  in  water,  unco- 
agulable  by  heat,  have  the  property  of  precipitating  aqueous  solu- 
tions of  other  proteins,  possess  strong  basic  properties  and  form 
stable  salts  with  strong  mineral  acids.  They  yield  comparatively 
few  amino-acids,  among  which  the  basic  amino-acids  greatly 
predominate. 

II.  Conjugated  Proteins. 

Substances  which  contain  the  protein  molecule  united  to  some 
other  molecule  or  molecules  otherwise  than  as  a  salt, 

(a)  Nucleoproteins.  —  Compounds  of  one  or  more  protein  mole- 
cules with  nucleic  acid. 

*  The  precipitation  limits  with  ammonium  sulphate  should  not  be  made  a  basis 
for  distinguishing  the  albumins  from  the  globulins. 

*  Such  substances  occur  in  abundance  in  the  seeds  of  cereals  and  doubtless 
represent  a  well-dfcfined  natural  group  of  simple  proteins. 

*  The  sub-classes  defined  (a,  b,  c,  d)  are  exemplified  by  proteins  obtained  from 
both  plants  and  animab.  The  use  of  appropriate  prefixes  will  suffice  to  indicate 
the  origin  of  the  compounds,  ^.  g.,  ovoglobulin,  myoalbumin,  etc. 

*  These  form  the  principal  organic  constituents  of  the  skeletal  structure  of  ani- 
mab and  also  their  external  covering  and  its  appendages,  This  definition  does  not 
provide  for  gelatin,  which  is,  however,  an  artificial  derivative  of  collagen. 
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(6)  Glycoproteins. —  Compounds  of  the  protein  molecule  with  a 
substance  or  substances  containing  a  carbohydrate  group  other  than 
a  nucleic  acid. 

(c)  Phosphoproteins.  —  Compounds  of  the  protein  molecule  with 
some,  as  yet  undefined,  phosphorus  containing  substance  other  than 
a  nucleic  acid  or  lecithins," 

(rf)  Hemoglobins.  —  Ccmipounds  of  the  protein  molecule  with 
hxmatin  or  some  similar  substance. 

(f)  Lecithoproteins.  —  Compounds  of  the  protein  molecule  with 
lecithins  (lecithans,  phosphatides). 

III.  Derived  Proteins. 

1.  Frimuy  Protaln  DerivatlveB.  —  Derivatives  of  the  protein  mole- 
cule apparently  formed  through  hydrolytic  changes  which  involve 
only  slight  alterations  of  the  protein  molecule. 

(o)  Proteins.  —  Insoluble  products  which  apparently  result  frcwn 
the  incipient  action  of  water,  very  dilute  acids  or  enzymes, 

(6)  Metaproteins.  —  Products  of  the  further  action  of  acids  and 
alkalies  whereby  the  molecule  is  so  far  altered  as  to  form  products 
sduble  in  very  weak  acids  and  alkalies  but  insoluble  in  neutral  fluids. 

This  group  will  thus  include  the  familiar  "  acid  proteins  "  and 
"  alkali  proteins,"  not  the  salts  of  proteins  with  acids. 

(c)  Coagulated  proteins.  —  Insoluble  products  which  result 
from  (i)  the  acttc«i  of  heat  on  their  solutions,  or  (2)  the  action 
of  alcohols  on  the  protein. 

2,  8«candarT  Protein  DeriTstlTM.'  —  Products  of  the  further  hy- 
drolytic cleavage  of  the  protein  molecule. 

(a)  Proteoses.  —  Soluble  in  water,  uncoagulated  by  heat,  and 
precipitated  by  saturating  their  solutions  with  ammonium  —  or  zinc 
sulphate,' 

(b)  Peptones.  —  Soluble  in  water,  uncoagulated  by  heat,  but  not 
precipitated  by  saturating  their  solutions  with  ammonium  sulphate.* 

*  The  accumulated  chemical  evidence  distinctly  points  to  the  propriety  of 
classifying  the  phosphoproteins  as  conjugated  compounds,  t.  e.,  they  are  pos- 
nbly  esters  of  some  phosphoric  acid  or  acids  and  protein.    ^ 

*  The  term  secondary  hydrolytic  derivatives  is  used  because  the  fonnation 
of  the  primary  derivatives  usually  precedes  the  fonnation  of  these  secondary 
derivatives. 

^  As  thus  defined,  this  term  does  not  strictly  cover  all  the  protein  derivatives 
coromonly  called  proteoses,  e.  g.,  heteroproteose  and  dysproteose. 

'  In  this  group  the  kyrines  may  be  included.     For  the  present  we  believe  that 
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(c)  Peptides.  —  Definitely  characterized  combinations  of  two  or 
more  amino-acids,  the  carboxy!  group  of  one  being  united  with  the 
amino  group  of  the  other  with  the  elimination  of  a  mdectile  of 
water." 
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P.  A.  Levenc 
J.  A.  Mandel 


\FortheAmeri- 
nPhysiolog- 


.  P.  Matthews         I  kai  Society. 
Lafayette  B.  MendelJ 


R.  H.  Chittenden  J 
Otto  Folin  \  For  the  American 

W.  J.  Gies  \  Society  of  BialoS' 

Waldemar  Koch   (  icai  ChemisU. 
T.  B.  Osborne      ) 
December,  1907. 


it  will  be  helpful  to  retain  this  term  as  defined,  reserving  tlie  expression  peptide  for 
the  simpler  compounds  of  definite  structure,  such  as  dipeptides,  etc. 

*  The  peptones  are  undoubtedly  peptides  or  mixtures  of   peptides,  the  latter 
term  being  at  present  used  to  designate  those  of  definite  structure. 
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ON   THE   MECHANISM  OF  THE   EMBRYONIC 
HEART  RHYTHM   IN  LIMULUS. 

By  a.  J.  CARLSON  and  W.  J.  MEEK. 

[fi-cm  Ike  Marint  BMagical  Laioralory,   Woodt  H^i,  and  the  Hull  Pkytialogical 

Laboratory,  Ike  Utuveriily  of  CAicago.'} 

I.  Introductory. 

CINCE  the  work  of  His,  Jr.,  and  of  His,  Jr.  and  Romberg  *  on  the 
^  time  of  development  of  nervous  tissue  in  the  embryonic  heart 
in  relation  to  the  time  of  the  appearance  of  the  heart  activity,  it  is 
generally  held  that  in  the  vertebrates  the  embryonic  heart  begins  to 
beat  before  the  "  anlage  "  of  the  cardiac  nervous  system  is  in  evi- 
dence. The  work  of  His  was  mainly  on  fish  and  chick  embryos,  but 
there  is  some  evidence  that  the  embryonic  heart  of  mammals  exhibits 
the  same  conditions.  These  conclusions  of  His,  Jr.,  with  reference 
to  the  mechanism  of  the  embryonic  heart  rhythm  in  the  vertebrates 
falls  back  on  the  theory  of  Balfour  that  the  autcmomic  and  sympa- 
thetic nervous  systems  develop  from  neuroblasts  that  have  migrated 
from  the  neural  tube,  and  are  therefore  of  epiblastic  origin.  This 
view  appears  to  have  the  preponderance  of  the  evidence  in  its  favor 
and  is  generally  accepted  to-day.  But  it  must  still  be  classed  as  a 
theory,  as  it  has  not  been  demonstrated  that  all  the  ganglion  cells  in 
the  sympathetic  system  and  the  cardiac  and  intestinal  plexuses  have 
that  origin. 

'  His,  Jr.,  and  Romberg  :  Fortschritte  der  Medizin,  1890,  viii,  p.  374;  His,Jr., 
Arbeiten  aus  dem  medizinische  Klinik  zu  Leipzig,  1893,  i,  p.  14. 
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In  case  all  of  the  ganglion  cells  in  the  sympathetic  ganglia  and  the 
cardiac  and  visceral  plexuses  are  emigrants  from  the  neural  crests 
there  is  greater  prospect  of  a  decisive  solution  of  the  problem  than 
there  is  in  case  this  ner\-ous  tissue  differentiates  out  of  the  meso- 
blastic  tissue  in  situ,  as  held  by  Remak,  Kupffer,  Kolliker,  and 
others.^  If  part  of  the  cardiac  plexus  develops  in  situ,  the  question 
resolves  itself  into  the  determination  at  what  stage  the  differentia- 
tion has  gone  far  enough  to  allow  the  application  of  the  term  "  ner- 
vous tissue,"  that  is,  when  it  begins  to  function.  This  cannot  be 
settled  by  the  microscope  or  by  staining  reactions,  at  least  not  with 
our  present  methods  of  microchemistrj-.  But  even  if  all  the  nerve 
cells  in  the  heart  are  epiblastic  in  origin  and  have  reached  the  heart 
by  migrations  along  the  path  of  the  blood  vessels,  the  difficulty  of 
securing  conclusive  data  is  still  great.  Nerve  fibres  may  reach  the 
heart  in  advance  of  nerve  cells.  Embryonic  nerve  fibres  can  readily 
be  distinguished  from  the  surrounding  tissues  when  a  number  of 
them  lie  close  tc^ether  in  a  more  or  less  compact  bundle,  but  may  be 
readily  overlooked  or  mistaken  for  developing  connective  tissue 
fibres  when  they  pass  singly  through  the  mesoblast.  Moreover,  there 
is  diversity  of  views  as  to  what  cells  are  and  are  not  nerve  cells,  even 
in  the  adult  heart.  No  one  doubts  that  the  large  and  often  capsu- 
lated  celts  of  the  main  ganglia  in  the  sinus  venosus.  in  the  auricles, 
the  auricular  septum,  and  at  the  base  of  the  ventricles  are  nerve  cells. 
But  the  smaller  cells  distributed  in  the  nerve  net  throughout  the 
greater  part  of  the  myocardium  and  in  the  walls  of  the  blood  vessels 
are  regarded  by  some  as  connective  tissue  cells,  by  others  as  nerve 
cells.  The  question  is  still  open.  In  some  instances  at  least  these 
smaller  non-capsulated  cells  on  the  course  of  the  nerve  net  are  true 
nerve  cells,  as  their  processes  enter  the  nerve  net.*  If  this  is  the 
situation  as  regards  the  nature  of  some  of  the  heart  cells  of  the 
adult  heart,  where  the  tissue  differentiation  has  reached  its  maxi- 
mum, it  is  evident  that  the  question  is  at  least  not  simpler  or  nearer 
solution  in  the  embryonic  heart.  These  smaller  cells  whose  nature  is 
in  dispute  may  be  nerve  cells  developed  either  from  the  mesoblast 
in  situ,  or  emigrating  neuroblasts  that  have  not  been  distinguished 
from  the  cells  of  the  hypoblast  tissues.  More  conclusive  work  is 
therefore  needed  on  the  embryonic  heart  of  vertebrates  before  this 
question  is  determined. 

*  Patterson  :  Philosophical  transactions,  1890,  clxxxi,  p.  i6r. 

•  Carlson:  Archiv  fiir  die  gesammte  Physiologic,  190;,  cix,  p.  ;i. 
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While  the  peristalsis  of  the  digestive  tract  is  not  myogenic,  it  is 
nevertheless  still  held  by  some  physiolc^ists  that  the  smooth  muscu- 
lature of  the  digestive  tract  is  automatic.  Yanase*  has  recently 
shown  that  there  is  no  basis  for  this  view  in  the  physiolt^y  of  the 
embryo.  In  guinea-pig  embryos  the  earliest  movements  of  the 
alimentary  canal  appear  about  the  fourth  week  and  pari  passu  with 
the  appearance  of  the  Auerbach's  plexus.  It  is  obvious,  however, 
that  we  cannot  infer  from  this  condition  in  the  embryonic  digestive 
tract  that  the  same  relations  hold  good  for  the  embryonic  heart. 
The  movements  of  the  digestive  tract  are  no  more  useful  or  essential 
to  the  life  of  the  embryo  than  the  movements  of  the  limbs,  while 
the  rhythm  of  the  heart  is  a  necessary  factor.  The  latter  may  there- 
fore, as  it  begins  much  earlier,  be  more  primitive  and  simple  in  its 
mechanism  than  the  former. 

The  theory  that  the  embryonic  heart  of  vertebrates  begins  to  beat 
before  any  nervous  tissue  is  developed  in  it  or  has  reached  it  from 
the  neural  tube  is  generally  construed  as  a  fact  in  support  of  the 
myogenic  theory  of  the  nature  of  the  heart  rhythm.  It  is  true  that 
the  heart  activity  begins  before  true  myocardium  has  developed,  but 
this  contractile  embryonic  heart  tissue  develops  into  the  heart  muscle 
of  the  adult.  If  it  shall  finally  be  demonstrated  that  this  embryonic 
myocardium  is  automatic  in  the  total  absence  of  nervous  impulses, 
the  most  that  can  be  claimed  from  that  fact  alone  is  that  it  throws 
the  burden  of  proof  on  the  rival  theory  of  the  heart  rhythm.  If  the 
heart  begins  to  beat  in  the  total  absence  of  nervous  impulses,  there 
seems  to  be  no  good  reason  why  it  should  not  continue  to  beat  from 
the  same  cause  during  adult  life.  But  it  is  also  possible  that  with 
the  development  of  the  heart  itself  to  a  more  complex  organ,  and 
with  the  differentiation  of  the  contractile  embryonic  heart  tissue  into 
the  muscular  syncytium  of  the  adult  heart,  the  contractile  tissue 
loses  its  primitive  automatism,  and  that  this  is  taken  up  by  the  car- 
diac ganglia  and  nerve  plexus.  This  hypothesis  may  prove  to  be 
true,  but  it  is  so  far  without  basis  in  fact  or  support  in  analogy.  We 
know  as  yet  of  no  organ  in  the  animal  body  in  which  such  transfer, 
as  it  were,  of  a  fundamental  property  from  one  tissue  to  another 
takes  place  in  development.  The  only  a  priori  objection  to  the 
hypothesis  that  appears  to  us  is  this,  that  it  is  difficult  to  comprehend 
how  this  loss  of  autcwnatism  by  the  contractile  heart  tissue  and  its 
assumption  by  the  cardiac  nervous  tissue  can  take  place  without 
•  Yanase  :  Archiv  fiir  die  gesammte  Physiologic,  1907,  cxvii,  p.  345, 
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production  of  inco-ordinations  of  the  heart  to  an  extent  injurious 
to  the  embryo,  assuming  that  the  change  takes  place  during  embry- 
onic life. 

The  neurogenic  theory  has  been  demonstrated  for  the  adult  heart 
of  Limulus.  The  automatic  ganghon  giving  rise  to  the  heart  rhsrthm 
is  a  compact  nerve  cord  situated  superficially  to  the  myocardium  on 
the  dorsal  side  (Fig.  i).  The  literature  contains  no  data  on  the 
time  of  developmoit  of  this  ganglion  with  reference  to  the  begin- 
ning of  the  heart  activity  in  the  embryo.  As  the  automatic  ganglion 
is  compact  and  invariably  located  in  the 
median  line  on  the  dorsal  side  of  the 
heart,  we  reasoned  that  it  ought  not  to 
be  difficult  to  determine  the  time  of  its 
appearance  in  the  embryo.  We  under- 
FicuBB  l.-Dugram  of  the  cross  ^^ok  the  wotk  fuIly  expecting  to  find 
section  o£  [he  adult  Umuius  heart,  this  ganglion  on  the  heart  at  the  time 
ZA',  uterai  nerve.  .A'C,  nerve  cord  ^^^  j^eart  rhythm  appears,  but  our  re- 

or  automatic  ganglion.  -^  '^'^ 

suits  did  not  substantiate  this  expecta- 
tion. It  appears  that  the  heart  rhythm  in  Limulus  begins  as  a 
myogenic  mechanism,  so  to  say,  although  no  fibrillary  structure  or 
transverse  striations  can  be  made  out  in  the  contractile  tissue  at 
the  time  the  rhythm  begins.  In  Limulus  we  have  therefore  a  dem- 
onstration of  the  hypothesis  of  exchange  of  function  of  the  myo- 
cardium and  the  local  nervous  tissue  in  development. 


II.  Methods. 

Our  material  was  obtained  at  Woods  Hole,  Mass.,  during  June 
and  July  of  last  year.  The  breeding  period  of  the  king  crab  in  that 
region  is  ordinarily  completed  at  the  end  of  May,  but  last  year, 
owing  to  cold  weather,  it  extended  over  the  whole  month  of  June 
and  the  first  part  of  July.  A  breeding-place  situated  at  a  convenient 
distance  from  the  laboratory  was  found.  By  examining  the  breed- 
ing-ground after  each  retreating  high  tide  the  new  nests  are  readily 
discovered.  A  portion  of  the  eggs  from  each  nest  was  transferred 
to  aquaria  in  the  laboratory,  and  the  nests  were  marked  and  num- 
bered. Eggs  from  each  nest,  both  from  the  lot  remaining  in  the 
nest  and  from  the  lot  in  the  laboratory  aquaria,  were  then  examined 
every  day,  the  development  of  the  heart  followed,  and  its  earliest 
rhythm  noted. 
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Under  the  temperature  conditions  in  the  Woods  Hole  region  dur- 
ing- June  of  last  year  the  rate  of  development  was  such  that  the  heart 
first  began  to  beat  during  the  twenty-second  or  twenty-third  day. 
There  are  some  individual  variations,  but  in  almost  every  case  the 
heart  rhythm  had  begun  before  the  end  of  the  twenty-third  day. 
The  control  lots  kept  in  the  aquaria  developed  a  little  slower.  Of 
course,  under  other  conditions  of  temperature  the  development  may 
be  either  faster  or  slower.  There  is  no  difficulty  in  making  out  the 
outline  of  the  developing  heart  through  the  transparent  epidermis 
and  egg  membrane  by  means  of  the  low-power  microscope  or  a 
strong  magnifying  lens.  The  embryos  may  also  be  removed  from 
the  eg^  membrane  without  difficulty.  In  later  stages  the  heart  is 
obscured  by  the  opacity  of  the  greatly  thickened  epidermis  dorsal  to 
the  heart. 

Embryos  of  the  stages  from  the  nineteenth  to  the  thirty-third  day 
were  fixed,  and  serial  sections,  transverse  and  longitudinal,  pre- 
pared. The  preparation  of  complete  series  of  sections  of  Limulus 
embryos  is  rendered  difficult  by  the  great  amount  of  brittle  yolk 
inside  the  embryo.  In  cutting  the  sections  this  yolk  tends  to  crumble 
and  ruin  the  rest  of  the  tissues.  The  fixing  fluids  tending  to  render 
the  yolk  part  less  brittle  proved  in  our  case  to  be  Perenyi  and  Camoy 
solutions. 

Numerous  attempts  were  made  to  remove  the  epidermis  dorsal 
to  the  heart  in  the  living  embryos  so  as  to  get  surfacie  preparations 
of  the  dorsal  wall,  but  without  success.  The  dorsal  side  of  the  heart 
is  so  firmly  attached  to  the  epidermis  by  numerous  connective  tissue 
ligaments  that  we  were  unable  to  remove  the  latter  without  tearing 
the  delicate  heart  walls  to  such  an  extent  that  the  fragments  could 
not  be  oriented  with  a  certainty.  Surface  preparations  of  the  dorsal 
heart  wall  would  be  an  invaluable  aid  to  the  section  method  in  deter- 
mining the  time  of  the  appearance  of  the  nerve-cord  anlage. 

The  embryonic  development  of  the  Limulus  heart  has  been  de- 
scribed in  detail  by  Kishinouye  "  and  by  Kingsley."  The  heart  is 
formed  from  the  mesoblastic  walls  of  the  ccelomic  cavity.  The  walls 
of  the  cceiomic  cavity  of  each  segment  meet  in  the  middle  hne  and 
fuse  in  the  dorsal  and  ventral  lines,  thus  forming  the  heart  tube. 
Fusion  occurs  also  at  the  segmental  junctions  except  for  the  space 

*  Kishinouye  :  Journal  of  College  of  Science,  Imperial  University  of  Japan, 
1893.  V,  p.  S3- 

•  KlNGSLEV:  Journal  of  morphology,  1893,  viii,  p.  295. 
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of  the  lateral  slits  or  ostia.  The  heart  tube  is  formed  earliest  in  the 
posterior  region  of  the  embryo,  and  the  formation  proceeds  from 
thence  anteriorly.  Both  Kingsley  and  Kishinouye  describe  and 
figure  the  embryonic  heart  up  to  the  twenty-third  day  stage,  that  is. 
past  the  stage  of  the  first  appearance  of  the  heart  rhythm,  but 
neither  of  these  observers  makes  any  mention  of  the  presence  of  the 
heart  ganglion. 

III.  Results. 

1.  At  the  stage  of  the  banning  of  the  heart  rhythm  no  nerve 
cord  or  ganglion  on  the  dorsal  side  of  the  heart  can  be  made  out  in 


r^ 


Figure  2.  —  Cross  section  (scmi-dJagrani-  Figcrk  3.  —  Surface  view  of  a  portion  of 

matic]  of  the  middle  region  of  Ibe  embry-  the    embiyonic  heart  wall    al  about  the 

onic  Limulus  heart  at  aboul  the  twenty-  twenty-second    day   slage,   showing    the 

second  day  stage,  showing  a'lliLn-wailed  absence   of   distinct    separation   of   the 

tubular  syncytium  in  which  ihe  nuclei  are.  cells, 
embedded.    No  indication  of  the  nerve- 
cord  aniagc.     V,  ventral  side  of  heart, 

any  of  our  preparations.  Neither  are  the  lateral  nerves  in  evidence. 
The  heart  consists  of  a  thin-walled  tube.  Kishinouye  and  Kingsley 
describe  it  as  composed  of  a  single  layer  of  cells.  In  our  prepara- 
tions no  distinct  fibrillary  structure  or  transverse  striations  can  be 
made  out.  Moreover,  there  appears  to  be  no  distinct  boundary  be- 
tween the  cells.  This  is  particularly  evident  in  the  flat  preparations 
of  the  heart  wall.  The  myocardiun],  or  rather  the  tissue  that 
develops  into  the  myocardium,  may  therefore  be  described  as  a  syn- 
cytium, even  at  this  early  stage.  Semi-diagrammatic  representa- 
tions of  the  appearance  of  the  heart  in  transverse  section  and  surface 
view  are  given  in  Figs.  2  and  3. 

It  must  not  be  understood,  however,  that  the  twenty-two  or 
twenty-three  day  old  embryonic  heart  looks  in  cross  section  as  iso- 
lated and  free  from  the  adjacent  tissues  as  indicated  in  Fig.  2.  As 
a  matter  of  fact,  numerous  cells  adhere  to  the  surface  of  the  heart 
on  all  sides.  Most  of  these  cells  are  in  prepress  of  elongation  to 
form  the  numerous  suspensory  ligaments  of  the  heart.     Blood  cor- 
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puscles  (white)  also  adhere  to  the  heart  wall  at  times,  as  the  heart 
is  in  reality  suspended  in  a  blood  sinus.  There  is  no  difficulty  in  dis-  • 
tinguishing  the  blood  corpuscles  from  the  contractile  tissue  and  from 
possible  embryonic  ganglion  cells.  But  this  is  not  the  case  with  the 
connective  tissue  cells.  Neither  in  their  form  nor  in  their  staining 
,  reaction  do  some  of  these  cells  differ  from  some  of  the  embryonic 
ganglion  cells  in  the  ventral  nerve  cord.  We  are  therefore  not  able 
to  affirm  that  no  ganglion  cells  are  present  in  any  part  of  the  twenty- 
two  or  twenty-three  day  old  Limulus  heart.  Such  cells  may  be  there 
scattered  among  the  connective  tissue  cells.  But  it  is  certain  that 
there  is  no  anlage  of  the  nerve  cord  in  the  dorso-median  line,  nor 
can  any  nerve  plexus  or  lateral  nerve  trunks  be  discovered. 

The  histogenesis  of  the  cardiac  ner\'Ous  tissue  in  Limulus  and 
other  arthropods  is,  so  far  as  we  can  learn,  not  worked  out.  Until 
this  is  done,  and  until  we  have  developed  microchemical  methods 
that  will  enable  us  to  distinguish  with  a  certainty  nerve  cells  and 
their  processes  from  raesoblasts  at  all  stages  of  embryonic  develop- 
ment, this  problem  must  remain  in  the  same  condition  in  the  case  of 
Limulus  heart  as  it  does  in  the  case  of  the  vertebrate  heart.  The 
Limulus  heart  and  the  vertebrate  heart  begin  to  beat  before  the  anlage 
of  the  adult  heart  ganglion  is  in  evidence,  but  our  methods  do  not 
allow  us  to  affirm  that  there  is  no  embryonic  nervous  tissue  there  at 
all.  In  the  case  of  the  Limulus  heart  the  relatively  late  appearance 
of  the  heart  rhythm  seems  to  point  to  the  presence  of  nervous  tissue 
in  the  heart  at  the  time  of  the  first  contraction.  But  this  relative 
lateness  of  the  heart  activity  may  be  related  to  the  fact  that  the  yolk 
is  situated  in  the  centre  of  the  embryo,  and  to  the  general  slow  devel- 
opment of  the  other  tissues  in  this  animal. 

2.  In  none  of  our  series  were  we  able  to  discover  the  beginning  of 
the  nerve  cord  dorsal  to  the  heart  until  the  stage  of  twenty-eight  to 
twenty-nine  days.  In  that  stage  there  appears,  in  the  region  that 
we  may  approximately  describe  as  the  middle  third  of  the  heart,  a 
more  or  less  uniform  column  of  cells  in  the  portion  corresponding  to 
that  of  the  heart  ganglion  in  the  adult.  These  cells  are  mostly  of 
the  bipolar  type,  but  their  processes  cannot  be  followed  for  any  ap- 
preciable distance  from  the  cell  body..  The  dorsal  nerve  plexus 
and  the  lateral  nerves  cannot  be  made  out  even  at  this  late  stage,  and 
the  ner\'e  cord  itself  has,  not  yet  extended  to  the  anterior  third  and 
the  posterior  third  of  the  heart.  Carlson  has  shown  that  in  the 
adult  the  nerve  cord  in  the  anterior  region  of  the  heart  is  composed 
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almost  entirely  of  nerve  fibres.  In  the  posterior  third  of  the  heart 
the  ganglion  cells  are  distributed  all  through  the  nerve  cord.  The 
ganglion  in  the  region  of  the  middle  third  of  the  heart  is  the  centre 
of  greatest  automatism.  This  part  of  the  ganglion  is  the  earliest  to 
appear  in  the  embryo.  Evidently  the  ganglion  cells  proliferate  from 
this  region  towards  the  posterior  and  ^ 
to  some  extent  towards  the  anterior  end 
of  the  heart,  A  series  of  cross  sections 
of  the  heart  at  the  twenty-nine  day  stage 
illustrating  these  points  are  given  in 
Fig.  4. 

At  the  twenty-eight  to  twenty-nine 
day  stage  the  contractile  heart  tissue 
appears  faintly  cross-striated.  But  the 
heart  walls  do  not  seem  to  be  much 
thicker  than  in  the  twenty-third  day 
stage. 

At   the   thirty-third    day    stage   the 

ganglion  in  the  middle  third  of  the 

heart  is  still  more  distinct.  The  cells  are 

Figure  4.  —  Cross  seciion  (semi-  more  numerous.    The  connective  tissue 

diagrammatic)  of  the  embryonic  covering  of  the  adutt  ganglion  begins  to 

heart  o£  Limuius  at  about  the  ^^j^^  j^g  appearance.    But  the  ganglion 

iwenty-eigblh  day  stage.    /,  pos-  '^  ,     ,   -   „  , 

teriot  region ;  //.  middle  repon ;  has  not  yet  extended  fully  to  the  poste- 
///,  anterior  region  of  heart.  V,  rior  end  and  the  anterior  end.  Nor  can 
ventral  side.    Nc.  nerve-cord  an-  ^^  lateral  nerve  cords  be  made  out  with 

lage  in  middle  region  only.  .    .    .  t,.  ..1        r   .i_ 

a  certainty.  Ihe  growth  of  the  axis 
cylinders  evidently  lags  behind  the  appearance  of  the  cell  bodies.  At 
this  stage  the  heart  muscle  is  distinctly  cross-striated.  But  the  heart 
walls  are  still  thin.  In  fact,  they  may  still  be  said  to  be  composed 
of  a  single  layer  of  elongated  and  flattened  cells.  Our  observations 
did  not  extend  beyond  the  thirty-three  day  stage. 

3.  According  to  all  evidence,  therefore,  there  is  in  the  case  of 
Limulus  a  transfer  of  function  between  the  two  heart  tissues  during 
embryonic  development.  There  is  no  question  but  that  the  normal 
rhythm  of  the  adult  heart  is  neurogenic.  And  as  the  beginning  of 
the  rhythm  of  the  embryonic  heart,  according  to  our  observations, 
precedes  the  development  of  the  heart  ganglion,  the  heart  rhythm 
may  be  said  to  be  myogenic.  At  what  stage  and  in  what  manner  is 
this  change  of  mechanism  effected?     How   is  it  effected  without 
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introducing  a  degree  of  cardiac  inco-ordination  inimical  to  the  ani- 
mal ?  How  has  such  a  condition  been  brought  about  in  phytogeny  ? 
Is  there  any  advantage  in  the  neurogenic  mechanism  over  that  of 
the  myogenic  for  the  conditions  of  adidt  life,  or  is  the  change  a 
necessary  result  of  tissue  differentiation  ?  Our  results  suggest  more 
dit!icult  questions  than  they  answer. 

In  discussion  of  the  nature  of  the  heart  rhythm  at  the  meeting  of 
the  American  Physiological  Society  at  Ann  Arbor,  in  1905,  Dr.  J.  S. 
Meitzer  suggested  that  the 
heart  rhythm  may  be  neither 
wholly  neurogenic  nor  wholly 
myogenic ;  it  may  be  both  at 
the  same  time.  It  is  difficult 
to  conceive  of  the  possibility 
of  such  a  condition.  It  is 
possible,  however,  that  the 
following  conditions  obtain. 
As  the  muscular  automatism       «"'>P™<"*  "'  '^e  nerve  cord  {NO. 

diminishes  and  the  nervous  automatism  increases  in  the  course  of 
embryonic  development,  the  refractory  state  of  the  heart  muscle 
probably  prevents  any  extensive  cardiac  inco-ordination,  as  the 
nervous  discharge  from  the  ganglion  cells  would  be  practically 
ineffective  until  the  nervous  automatism  exceeded  in  rate  and 
intensity  that  of  the  myocardium.  When  this  stage  is  reached 
and  the  heart  nervous  tissue  once  gets  the  lead,  the  rhythm 
would  continue  by  the  neurogenic  mechanism,  despite  the  fact  that 
the  myocardium  may  still  be  capable  of  independent  automatism 
should  the  nervous  mechanism  in  some  way  break  down.  There 
seems  to  us  no  reason  why  these  conditions  should  not  persist  to 
some  degree  even  in  the  adult  heart  or  parts  of  the  heart,  so  that 
when  the  nervous  mechanism  is  interfered  with,  either  experiment- 
ally or  by  pathological  processes,  the  abnormal  conditions  thus 
developed  cause  the  original  automatism  of  the  myocardium  to 
coine  to  light,  even  if  tally  in  a  transitory  way.  The  adult  Limulus 
heart  has  differentiated  even  beyond  this  stage,  inasmuch  as  the 
heart  muscle  will  not  initiate  a  rhythm  of  its  own  after  removal  of 
the  ganglion,  no  matter  how  long  the  metabolites  and  the  carbon 
dioxide  are  allowed  to  accumulate,  or  how  well  the  muscle  is  supplied 
with  its  normal  pabulum.  Nevertheless,  even  the  Limulus  heart 
muscle  exhibits  a  greater  tendency  to  automatism  and  rhythmicity 
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than  the  adult  skeletal  muscle.  It  is  possible  that  the  myocardium 
of  some  of  the  vertdirate  groups  is  less  differentiated,  and  therefore 
retains  a  greater  degree  of  its  original  automatism,  than  does  the 
Limulus  myocardium.  This  is  indicated  by  the  fact  that  the  Lim- 
ulus  myocardium  appears  to  be  more  distinctly  cross-striated  than 
that  of  the  vertebrates. 

IV.  Summary. 

1.  The  beginning  of  the  heart  rhythm  in  Limulus  embryos  occurs 
on  about  the  twenty-second  day  after  the  eggs  are  laid.  At  this  stage 
the  heart  tube  is  composed  of  a  single  thin-layered  syncytium  in 
which  no  fibrillx  or  cross-striations  can  be  made  out.  There  is  no 
evidence  of  the  anlage  of  the  dorsal  nerve  cord,  the  dorsal  nerve 
plexus,  or  the  lateral  nerves  in  the  heart  at  this  stage. 

2.  The  first  appearance  of  the  nerve  cord  in  the  middle  third  of 
the  heart  can  be  made  out  at  about  the  twenty-eighth  day  stage. 
But  even  at  this  stage  the  lateral  nerves  are  not  in  evidence.  The 
myocardium  is  faintly  cross-striated.  At  the  thirty-third  day  stage 
the  transverse  striation  of  the  heart  muscle  is  very  distinct. 

3.  As  the  conduction  and  automatism  in  the  adult  Limulus  heart 
are  neurogenic,  there  must  take  place  a  transfer  of  automatism  and 
conductivity  from  the  myocardium  to  the  nervous  tissue  at  some 
stage  in  the  embryonic  development. 
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THE  CONDUCTIVITY  PRODUCED  IN  THE  NON- 
CONDUCTING MYOCARDIUM  OF  LIMULUS  BY 
SODIUM    CHLORIDE   IN    ISOTONIC    SOLUTION. 

By  a.  J.  CARLSON. 

[Prom  the  Alariiit  Bislegical  Laborafary,  and  the  Hull  PhyaolegUal  Labaralory  ef  Ih* 
UiinitrsUy  ef  CAiargo.] 

I. 

TT  has  been  shown,  in  previous  papers  in  this  journal,  that  in  the 
■*■  Liraulus  heart  the  contraction  is  not  conducted  through  the 
myocardium.  The  conduction  takes  place  through  the  ganglion 
and  the  nerve  plexus  surrounding  the  myocardium.  That  this  is 
a  fact  is  a  matter,  not  of  inference,  but  of  direct  demonstration. 
The  myocardium  may  be  transsected,  leaving  the  nerve  plexus 
nearly  intact,  and  conduction  is  not  interfered  with.  On  the  other 
hand,  if  we  transsect  the  nerve  net,  leaving  the  myocardium  intact, 
the  contraction  does  not  pass  the  region  of  the  lesion. 

Many  of  the  experiments  on  the  mechanism  of  conduction  were 
made  on  hearts  from  which  the  automatic  ganglion  had  been  re- 
moved. The  normal  tonus  of  the  Limulus  myocardium  is  dependent 
on  the  automatic  ganglion.  This  fact  suggests  the  possibility  that 
when  the  heart  ganglion  is  extirpated  the  myocardium  may  cease 
to  conduct  because  of  loss  of  tone.  But  the  evidence  is  conclusive 
that  the  myocardium  neither  conducts  nor  is  capable  of  conduction 
in  the  intact  and  normal  heart.  For  example,  if  mechanical  or 
electrical  stimulation  is  applied  to  the  heart  wall  in  such  a  way  that 
the  ganglion  is  not  involved,  the  contraction  is  always  confined  to 
the  area  stimulated.  If  the  stimulation  touches  the  ganglion,  the 
contraction  spreads  over  the  whole  heart.  This  shows  conclusively 
that  even  in  the  intact  and  normal  heart  the  contraction  cannot  spread 
by  muscular  conduction  beyond  the  region  directly  stimulated. 

The  singular  fact  was  observed,  however,  that  when  the  ganglion- 
free  Limulus  heart  is  bathed  in  an  isotonic  sodium  chloride  solution 
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the  sodium  chloride  contraction  spreads  by  conduction  through  some 
mechanism  different  from  the  normal.  The  sodium  chloride  pro- 
duces no  stimulation  of  the  nerve  plexus  and  lateral  nen'es  when 
isolated  from  the  ganglion,  nor  is  it  stimulated  locally  by  the  muscle 
contracting  in  sodium  chloride,  and  the  contraction  thus  conducted 
to  other  parts  of  the  heart.  It  was  suggested  that  "  the  sodium 
chloride  alters  flie  muscular  tissue  so  that  a  wave  of  contraction  is 
conducted  from  muscle  cell  to  muscle  cell,  a  process  which  does  not 
take  place  normally ;  or  the  conduction  is  effected  by  means  of  an 
intercellular  nerve  net  so  related  to  the  plexus  connecting  the  gan- 
glion with  the  heart  wall  that  the  impulses  do  not  pass  from  the 
former  to  the  latter."  ' 

These  obser\-ations  have  now  been  extended,  with  the  result  that 
the  first  alternative  turned  out  to  be  the  correct  one.  Sodium 
chloride  produces  conduction  in  the  normally  non-conducting  myo- 
cardium just  as  it  produces  a  transient  automaticity  in  the  non- 
automatic  heart  muscle. 

11. 

Why  is  the  normal  myocardium  of  Limulus  incapable  of 
physiological  conduction?  Does  the  cause  lie  in  the  presence  of 
non-conducting  sarcolemm.'e,  or  some  non-conducting  substance 
separating  the  muscle  cells  from  one  another?  So  far  as  I  know, 
the  Limulus  heart  muscle  has  not  been  studied  as  regards  these 
points.  All  the  recent  work  on  the  structure  of  the  vertebrate 
heart  muscle  seems  to  show  that  the  myocardium  is  to  be  re- 
garded as  a  syncytium,  the  muscle  fibrilla;  passing  uninterrupted 
from  cell  to  cell,  or,  rather,  from  one  region  to  another.*  In  this 
manner  the  entire  myocardium  appears  to  be  in  protoplasmic  con- 
tinuity. This  fact  has  been  construed  as  a  strong  argument  in  favor 
of  the  theory  of  myogenic  conduction  of  the  contraction  in  the 
normal  heart.  It  has  been  argued  that  in  such  a  protoplasmic  con- 
tinuity we  have  the  same  anatomical  basis  for  conduction  as  in  the 
case  of  conduction  of  the  contraction  from  one  end  to  the  other  in 
a  single  cell  of  skeletal  muscle.  In  skeletal  muscle,  so  far  as  we 
know,  the  fibrills  extend  from  one  end  of  the  cell  to  the  other. 
There  is  no  evidence  of  lateral  anastomosis.     We  have,  moreover, 

'  Carlson  :  This  journaL  1907,  xvii,  p.  486. 

*  The  lilerature  is  reviewed  in  detail  by  Renant  and  Moi.lakd  :  Revue  g^n^- 
rale  histologic,  1905,  i,  p.  143. 
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no  evidence  that  there  is  an  actual  continuity  of  any  single  fibril 
extending  over  the  whole  heart  or  even  over  any  considerable  portion 
of  the  heart.  Again,  the  sarcoplasm  may  be  necessary  for  physio- 
logical conduction  in  the  muscle,  and  there  is  evidence  that  the  sar- 
coplasm suffers  some  interruption  at  the  original  boundaries  of  the 
heart  cells.  The  existence  of  the  muscular  syncytium  in  the  verte- 
brate heart  is  therefore  not  a  demonstration  of  the  myogenic  theory 
of  conduction,  but  it  must  be  admitted  that  it  seems  to  lend  some 
support  to  that  view. 

At  my  suggestion  Mr.  W.  J.  Meek  began  the  study  of  the  struc- 
ture of  the  Limulus  heart  muscle  at  the  Marine  Laboratory  the  past 
summer.  His  results  will  soon  be  published.  I  have  examined 
many  of  his  preparations.  These  show  conclusively  that  the  myocar- 
dium of  Limulus  is  a  syncytium  practically  indistinguishable  from 
that  of  the  vertebrate  heart.  To  be  sure,  the  Limulus  heart  muscle 
is  more  distinctly  cross-striated.  The  Limulus  heart  muscle  cells 
branch,  and  the  fibrillse  pass  without  interruption  from  one  muscle 
cell  to  the  other,  or,  more  correctly,  from  one  strand  of  the  syncy- 
tium to  the  neighboring  ones.  Mr.  Meek  has  so  far  not  been  able 
to  make  out  any  tissue  comparable  to  the  Purkinje  cells  of  the  verte- 
brate heart.      , 

The  Limulus  myocardium  presents  therefore  the  same  anatomical 
basis  for  physiological  conduction  as  does  the  vertebrate  heart.  The 
uninterrupted  passage  of  the  muscle  fibriiiae  from  neighboring 
strands  of  the  syncytium  gives,  apparently,  a  protoplasmic  continuity 
to  the  whole  myocardium.  Nevertheless  we  have  seen  that  the  Limu- 
lus myocardium  does  not  conduct  under  normal  conditions. 

The  presence  of  a  muscular  syncytium  in  the  Limulus  heart, 
coupled  with  the  absence  of  muscular  conduction,  renders  untenable 
the  argument  from  the  muscular  syncytium  in  support  of  the  myo- 
genic theory  of  conduction  in  the  vertebrate  heart.  It  also  renders 
pertinent  the  question  of  the  relation  of  the  sarcoplasm  to  physio- 
logical conduction  in  muscle  cells. 


IIL 

Histological  examination  of  the  nervous  tissues  in  the  Limulus 
heart  gives  no  indication  of  the  presence  of  a  nerve  net  or  plexus 
peripheral  to  the  great  plexus  that  connects  the  ganglion  with  the- 
heart  muscle.    Unless  such  second  plexus  is  present  in  the  myocar- 
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Figure  1.  — Camera  [u 


dium,  It  is  obvious  the  conduction  of  the  contraction  in  the  ganglion- 
free  heart  beating  in  sodium  chloride  is  myogenic. 

For  this  work  I  used  mostly  very  young  Limuii,  because  when 
these  small  hearts  are  slit  open  in  the  median  line  on  the  ventral  side 
they  may  be  spread  out  in  their  entirety  on  the  slide  and  mounted 
as  surface  preparation  in  glycerine  or  balsam,  thus  rendering  exam- 
ination of  every  part  of  the  heart  a  relatively  easy  task.    These  sur- 
face preparations  of  very  small  hearts  are  thin  enough  to  be  studied 
by  aid  of  the  one-seventh  objective,  and  in  som6  cases  even  the  one- 
twelfth  oil  immersion.    Examinations  were  also 
made  of  cross  sections  of  the  heart  after  me- 
thylene blue  staining  of  the  fresh  tissue  and 
fixation  in  ammonium  molybdate 

Methylene  blue  in  sea  water  brings  out  the 
thicker  branches  of  the  nerve  plexus  very  satis- 
factorily, but  the  terminal  ramifications  of  the 
fibres  and  their  endings  on  the  myocardium  are 
not  stained  with  the  same  distinctness  and  con- 
stancy.    But  a  sufficient  number  of  successful 
cida  drawing  of  ihe  preparations  were  obtained  to  render  it  certain 
course  o£  the  fibres  at  that  the  fibres  in  the  great  plexys  pass  directly 
a  point  o£  anastomosis  j^  jj^^  mvocardium  Without  making  connection 
of  the  branches  of  the       .  ,  ■  .  ...  .     . 

nerre  pienua   in   the  With  any  ner\e  net  situated  m  closer  proximity 
Limulu*  heart.   -<,pro-  tO  the  mUSClc  Cell. 

topiasmic  eniariement  -^Vi^  fibres  in  the  ner\-e  net  are  all  non- 
^titm  o^'the  fibre  "c  mcdullated.  The  different  fibres  vary  consider- 
nerve  branch  coming  ably  in  thickncss.  In  surface  preparations  of 
from  the  ganglion.  T,  very  small  hearts  the  thick  fibres  can  sometimes 
'  '  be  followed  from  their  origin  —  a  unipolar  or 
multipolar  cell  in  the  ganglion  —  throughout 
their  whole  course  to  the  end  on  the  muscle.  The  thick  fibres 
bifurcate  almost  at  every  point  of  anastomosis  or  division  of  the 
nerves.  In  no  case  have  I  observed  the  two  branches  passing  out 
the  same  nerve  twig.  At  the  place  of  bifurcation  of  the  fibres  is 
usually  found  a  great  thickness  of  the  axis  cylinder  (Fig.  i  A). 
These  thickenings  appear  to  be  identical  with  those  described  in  ver- 
tebrate heart  plexus.  In  Limulus  these  protoplasmic  masses  fc-e- 
quently  attain  the  size  and  form  of  some  of  the  smaller  cells  in  the 
ganglion,  and  may  easily  be  mistaken  for  ganglion  cells.  The 
smaller  fibres  also  bifurcate.    As  the  fibres  spread  over  and  among 


branches  going  ti 
mjocardium. 
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the  strands  of  muscle,  they  may  be  frequently  seen  to  branch  again, 
but  I  was  unable  to  discover  anastomosis  of  these  terminal  branches 
with  those  frcxn  nd^boring  fibres.  The  fibres  appear  to  end  freely 
on  the  muscle  strands. 

We  have  therefore  no  anatcanical  basis  for  the  hypothesis  that  the 
conduction  of  the  sodium  chloride  rhythm  in  the  heart  takes  place 
through  a  nerve  net  situated  in  closer  proximity  to  the  heart  muscle 
than  the  plexus  superficial  to  the  myocardium.  This  superficial 
nen-e  plexus  forms  a  network  over  the  entire  heart  tube,  but  the 
anastomosis  is  apparent  only,  as  the  junction  of  the  fibres  are  points 
of  division  of  the  axis  cylinders.  As  the  fibres  leave  this  plexus  to 
ramify  over  the  muscle,  they  are  terminal  fibres  and  do  not  form 
a  second  plexus  about  the  muscle  strands.  The  superficial  nerve 
net  including;  the  ganglitm  in  the  Limulus  heart  is  therefore  homolo- 
gous to  the  intermuscular  nerie  net  in  the  vertebrate  heart. 


IV. 

The  evidence  that  when  separated  from  the  ganglion  the  cardiac 
nerve  plexus  takes  no  part  in  the  sodium  chloride  rhythm  may  be 
summarized  as  follows : 

I.  When  part  of  the  plexus  is  isolated  and  immersed  in  isotonic 
sodium  chloride,  no  contractions  appear  in  the  part  of  the  heart 
muscle  left  in  physiolt^cal  connection  with  the  plexus.  I  have  made 
numerous  experiments  to  test  this  point,  because  in  this  regard  the 
motor  nerve  plexus  of  the  Limulus  heart  differs  from  the  peripheral 
motor  nerves  of  the  frog.  I  was  reluctant  to  have  to  report  such 
a  difference.  If  sodium  chloride  stimulates  the  frog's  sciatic  in  such 
a  way  that  the  gastrocnemius  is  thrown  into  an  irregular  rhythmic 
activity  or  incomplete  tetanus,  there  seems  to  be  no  good  reason  why 
sodium  chloride  should  not  do  the  same  in  the  case  of  the  motor 
heart  nerves  in  Limulus.     The  fact  is,  however,  that  it  does  not. 

There  are  conflicting  statements  in  the  literature  r^arding  the 
action  of  sodium  chloride  on  the  frog's  motor  nerves.  Loeb  states 
that  the  frog's  sciatic  is  not  stimulated,  while  Mathews*  found  that 
the  chloride  stimulates  after  a  latent  period  of  two  hours  or  more. 
Maxwell  *  reports  the  same  negative  results  as  Loeb.  I  have  tested 
the  question  on  five  sciatic-gastrocnemius  preparations,  and  obtained 

'  Mathew."!  :  This  journal,  1904.  ii.  p.  455. 

*  LoEH  :  Archiv  fur  die  gesammte  Physiologic,  1907,  cxri,  p.  194. 
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positive  results  in  each  case.  After  a  latent  period  of  an  hour  and  a 
half  to  two  hours  the  muscle  b^ns  to  twitch  more  or  less  rhyth- 
mically, and  the  contractions  cease  as  soon  as  the  portion  of  the 
nerve  in  the  solution  is  cut  away  (Fig.  2). 


The  heart  with  the  ganglion  extirpated  may  be  tied  off  by  a  coarse 
thread  in  the  region  of  the  third  and  sixth  segments,  thus  dividing 
the  heart  tube  into  three  separate  chambers.  If  the  threads  are 
drawn  just  tight  enough  to  close  the  lumen  of  the  heart  and  prevent 


Figure  2.  —  Tracing  of  ihe  contractions  of  the  frog's  gastrocnemius  after  two  hours' 
immersion  of  the  sciatic  nerve  in  isotonic  sodium  chloride.  I,  section  of  tlie  nerve 
between  the  sodium  chloride  balb  and  the  muscle.  Showing  stimulation  of  (he  frog's 
sciatic  by  sodium  chloride  in  isotonic  solulion. 

liquid  from  passing  from  one  of  these  artificially  produced  chambers  " 
to  the  other,  the  compression  is  not  sufficient  to  interfere  with  con- 
duction in  the  nerve  plexus,  which  is  included  with  the  myocardium 
in  the  ligature.  That  the  compression  does  not  block  conduction  in 
the  plexus  can  be  readily  demonstrated  by  electrical  stimulation  of 
the  latent  nerves  in  the  fourth  segment,  as  this  causes  contraction  of 
the  anterior  and  posterior  ends  of  the  heart.  When  isotonic  sodium 
chloride  is  introduced  into  the  middle  compartment  of  this  heart, 
a  violent  rhythm  is  set  up  in  this  region  within  a  few  minutes,  in 
some  cases  almost  at  once.  But  this  rhythm  is  confined  to  the  region 
between  the  ligatures.  The  two  end  regions  remain  quiescent,  de- 
spite the  fact  that  the  conductivity  of  the  nerve  plexus  is  not  inter- 
fered with, 

VI. 

Isotonic  sodium  chloride  alters  the  property  of  the  Limulus  myo- 
cardium in  such  way  that  it  not  only  becomes  automatic,  but  so  that 
the  contractions  spread  from  one  point  over  the  whole  heart  by  con- 
duction through  the  muscle  substance. 

The  fact  that  the  sodium  chloride  alters  conduction  in  the  myocar- 
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dium  can  be  demonstrated  even  before  the  sodium  chloride  rhythm 
appears.  If  the  collapsed  heart  is  placed  in  the  solution,  there  is  a 
long  latent  period  (thirty-five  to  forty-five  minutes)  before  the 
rhythm  begins.  It  has  been  shown  in  a  previous  report  that  during 
this  latent  period  the  excitability  of  the  heart  muscle  is  gradually 
increased  up  to  the  point  of  initiation  of  the  rhythm.  This  is  shown 
by  stimulation  of  the  nerve  plexus.  On  direct  stimulation  of  the 
heart  walls  during  the  latent  period  the  contractions  called  forth  by 
the  same  strength  of  stimulus  not  only  become  stronger,  but  they 
gradually  extend  for  a  greater  distance  from  the  point  stimulated. 
In  other  words,  the  physiolc^ical  conductivity  of  the  myocardium  is 
increased. 

While  a  segment  or  portion  of  the  ganglion-free  Limulus  myo- 
cardium immersed  in  sodium  chloride  usually  exhibits  a  very  irreg- 
ular rhj^hm,  preparations  were  occasionally  obtained  in  which  the 
transient  sodium  chloride  rhythm  exhibited  as  perfect  a  regularity 
as  the  normal  rhythm.  Such  regular  rhythm  involves  a  co-ordina- 
tion between  the  different  parts  of  the  segment  or  preparation,  and 
as  co-ordination  does  not  take  place  through  the  nerve  plexus,  it 
must  be  effected  by  conduction  in  the  myocardium. 

When  the  isotonic  sodium  chloride  is  poured  into  the  cavity  of 
the  heart  instead  of  immersing  the  collapsed  heart  in  the  solution, 
the  rhythm  begins  after  a  very  brief  latent  period.  The  rhythm 
thus  developed  never  attains  the  regularity  of  the  normal  heart 
rhythm.  In  many  cases  the  musculature  around  the  ostia  beats 
faster  than  the  rest.  But  there  may  frequently  be  seen  contraction 
waves  passing  over  the  heart,  or  greater  part  of  the  heart,  in  the 
form  of  peristaltic  waves.  These  contraction  waves  may  pass  either 
postero-anteriorly  or  antero-posteriorly.  Occasionally  contraction 
waves  may  start  practically  at  the  same  time  in  the  opposite  ends  of 
the  heart,  both  of  them  travelling  towards  the  middle.  The  rate 
and  direction  of  these  peristaltic  waves  of  contraction  may  remain 
constant  for  considerable  periods,  but  sooner  or  later  irregularities 
set  in  in  the  way  of  contraction  waves  coming  in  the  opposite  direc- 
tion, partial  contraction,  etc. 

Such  peristaltic  irradiation  of  the  contractions  never  takes  place 
in  the  normal  heart  from  which  the  ganglion  has  been  removed.  Its 
presence  in  the  sodium  chloride  automatism  is  therefore  due  to  the 
conductivity  of  the  myocardium  induced  by  the  sodium  chloride. 

The  rate  of  propagation  of  the  sodium  chloride  peristalsis  is 
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variable,  but  never  exceeded  i  to  2  cm.  per  second.  This  is  very 
much  slower  than  the  normal  rate  of  conduction  in  the  nerve  plexus, 
although  the  latter  rate  is  only  about  40  cm.  per  second,^ 

I  do  not  desire  at  this  time  to  discuss  the  possible  or  probable 
mechanism  by  which  the  sodium  chloride  effects  this  change  of 
phjrsiological  conduction  in  the  myocardium.  It  is  possible  that  the 
conduction  is  simply  the  result  of  the  increased  excitability  of  the 
muscle,  so  that  the  action  current  of  one  muscle  strand  or  fibrilla  is 
able  to  stimulate  its  neighbor.  This  would  be  analogous  to  the 
stimulation  of  one  axis  cylinder  by  the  action  current  of  neighbor- 
ing fibres  in  a  nerve  trunk.  It  is  well  known  that  such  an  irradiation 
takes  place  only  when  the  excitability  of  the  nerve  fibres  has  been 
increased  above  the  normal. 

•  Carlson  :  This  journal,  1906,  xv,  p.  loi. 
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A  NOTE   ON    THE    REFRACTORY   STATE    OF    THE 
NON-AUTOMATIC  HEART  MUSCLE  OF  LIMULUS. 

By  a.   J.   CARLSON. 
[Fran  Ihi  Hull  Phyiiehgical  Laieratary  of  tki  UniveriUy  of  CA/s^fU.] 

IN  my  recent  paper  on  the  mechanism  of  the  refractory  period  of 
the  heart '  it  was  shown  that  there  is  no  evidence  of  causal  rela- 
tion between  the  property  of  refractory  state  and  the  property  of 
automatism.  It  was  furthermore  pointed  out  that  "  the  questitm 
whether  heart  muscle  when  isolated  from  the  intrinsic  nervous  tis- 
sues exhibits  the  property  of  refractory  state  to  a  greater  degree 
than  skeletal  and  smooth  muscle  is  still  an  open  one,  since  the  facts 
bearing  t«i  the  question  can  be  interpreted  in  either  way,"  In  the 
vertebrates  the  myocardium  cannot  be  separated  from  the  nervous 
tissue,  so  that  all  the  evidence  bearing  on  the  point  for  the  verte- 
brate heart  is  indirect.  In  Limulus  the  heart  ganglion  exhibits  the 
typical  systolic  refractory  state  in  the  sense  of  diminished  excita- 
bility. The  same  is  true  of  the  myocardium  and  the  nerve  plexus 
as  long  as  they  are  in  physiological  connection  with  the  ganglion. 

1.  Thefact  that  the  nerve  net  takes  no  part  in  the  sodium  chloride 
rhythm  of  the  heart  from  which  the  ganglion  has  been  extirpated  ' 
offers  an  opportunity  to  determine  whether  or  not  the  non-automatic 
Limulus  heart  muscle  exhibits  any  marked  degree  of  refractory 
state.  Experiments  on  this  point  were  carried  out  at  the  Marine 
Biological  Laboratory  in  July,  with  positive  results.  The  Limulus 
myocardium  in  sodium  chloride  rhythm  exhibits  the  typical  systolic 
refractory  state  in  the  sense  of  diminished  excitability.  This  refrac- 
tory state  is  in  evidence  during  the  systole  of  the  beat  produced  by 
direct  stimulation  with  the  single  induction  shock  even  before  the 
sodiimi  chloride  rhythm  appears. 

2.  The  various  forms  of  the  sodium  chloride  rhythm  of  the  Lim- 
ulus heart  muscle  have  been  described  elsewhere.     After  having 

'  Carlson:  This  journal,  1907,  xviii,  p.  ?i. 
'  Carlson  :  This  journal,  1907,  xvii,  p.  478. 
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found  that  the  heart  muscle  exhibits  systolic  refractory  state  typical 
for  the  heart,  I  made  it  a  point  to  determine  whether  this  refractory 
state  is  greater  in  the  heart  muscle  than  in  the  Limulus  skeletal 
muscle.  IsotMiic  sodium  chloride  produces  more  or  less  rhythmical 
twitchings  in  the  Limulus  skeletal  muscle,  but  no  rhythm  compar- 
able with  that  induced  in  the  myocardium.  Strips  of  skeletal  muscle 
from  different  regions  of  the  body  were  tried.  The  musculature  of 
the  back  is  the  most  favorable,  as  strips  can  be  obtained  from 


Figure  1.  —  One  half  the  original  size.  A,  typical  tracing  from  a  strip  of  Limulua  skeletal 
muscle  immersed  in  isotonic  sodium  chloride.  Showing  rhythmical  twitchings  on  the 
■loner  tonai  rhythms.  B,  (racing  of  a  very  irregular  sodium  chloride  rhythm  of  the 
Limulus  heart  muscle.    Showing  tonus  rhythm  and  fundamental  rhythm. 

5  to  6  cm.  in  length  and  only  3  or  4  mm.  in  diameter.  But 
the  slender  strands  exhibited  just  as  irregular  twitchings  as  the 
thicker  strands.  The  strips  usually  exhibited  a  double  rhythm,  — 
if  the  term  rhythm  may  be  applied  to  the  more  or  less  rhythmical 
twitches,  —  a  distinct  tonus  rhythm,  on  which  the  more  rapid 
twitches  were  superimposed.  These  may  be  called  fundamental 
and  tonus  rhythms  by  analogy  from  the  heart.  The  best  tracings  of 
the  sodium  chloride  rhythm  of  the  skeletal  muscle  exhibit  much 
greater  irregularities  in  strength  and  rate  of  contraction  than  the 
most  irregular  rhythm  of  the  heart  muscle  (Fig.  i).  No  data  could 
therefore  be  secured  for  this  comparison. 

3.  The  systolic  refractory  state  can  be  demonstrated  in  the  Lim- 
ulus heart  muscle  in  sodium  chloride  rhythm,  even  though  this 
rhythm  is  quite  irregfiilar,  but  the  most  conclusive  results  are  ob- 
tained in  preparations  that  exhibit  a  rhythm  approaching  in  regular- 
ity that  of  the  normal.  In  the  case  of  such  preparations  a  single 
induction  shock  of  an  intensity  that  produces  a  shortening  of  the 
diastole  and  a  supermaximal  beat  when  sent  through  the  tissue  near 
the  end  of  the  diastole  has  no  apparent  effect  when  it  reaches  the 
tissue  during  systole  or  the  first  part  of  the  diastole.    But  this  ref  rac- 
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tory  state  is  relative  only.  A  greater  strength  of  the  induced  shock 
produces  supermaximal  beats  or  extra  beats,  no  matter  in-  what 
phase  of  the  automatic  beat  it  is  sent  through  the  preparation.  A 
typical  tracing  showing  the  diminished  excitabiHty  during  systole 
and  the  greater  part  of  diastole  is  reproduced  in  Fig,  2. 

jv\.yyw/y\Ay"vyv/WWAA^"vv 
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Figure  2.  —  One  half  the  original  size.  Tracing  from  a  ganglion-free  segment  of  the 
LJmulu3  myocardium  in  sodium  chloride  rhythm.  Stimulation  o(  the  muscle  with 
the  make  induced  ahock  of  uniform  intensity:  a,  during  syilole ;  #,  during  diastole; 
t,  near  the  end  of  diastole.     Showing  a  systolic  refractory  state. 

In  some  of  the  preparations  I  found  a  peculiar  modification  of  the 
refractory  state  that  must  be  noted  in  brief.  In  the  normal  rhythm 
of  the  Limulus  or  the  vertebrate  heart  the  diminution  in  excitability  is 
greatest  at  the  very  beginning  of  systole,  and  the  excitability  returns 
gradually,  till  at  the  end  of  diastole  it  has  reached  its  maximum. 
The  Limulus  myocardium  in  sodium  chloride  rhythm  not  infre- 
quently exhibits  a  greater  excitability  at  the  very  beginning  of  sys- 

V  wv  V  V  vy"^  V  w  V7  V  yvy 
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Figure  3.  —  One  half  the  original  size.  Tracing  from  a  ganglion-free  segment  of  the 
Limulas  heart  in  sodium  chloride  rhythm.  Stimulation  with  the  break  induced 
shock  of  uniform  intensity :  a,  at  the  very  beginning  of  systole ;  b,  later  in  systole  and 
in  diastole.  Showing  an  apparent  greater  excitability  at  the  very  beginning  of  systole 
than  daring  the  rest  of  systole  and  the  greater  part  of  diastole.     Explanation   in 


tole  than  during  the  later  stages  of  systole  or  the  beginning  of  dias- 
tole. A  strength  of  the  induced  shock  may  be  found  that  produces 
a  supermaximal  beat  when  sent  through  the  preparation  at  the  begin- 
ning of  systole,  but  has  no  effect  when  applied  later  in  the  systole  or 
in  early  diastole.  A  tracing  showing  this  singular  distribution  of 
the  refractory  state  in  reference  to  the  phases  of  the  beat  is  repro- 
duced in  Fig.  3. 

It  is  probable  that  in  the  preparations  exhibiting  this  peculiar 
condition  the  muscle  does  not  begin  to  contract  at  the  same  time 
throughout  the  whole  myocardium.  The  contraction  probably 
begins  at  the  ostia,  and  spreads  thence  over  the  rest  of  the  myo- 
cardium by  the  slow  conduction  typical  of  the  conductivity  of  Lim- 
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ulus  heart  muscle  in  sodium  chloride.*  Under  such  conditions  the 
stimulus  reacting  on  the  preparation  at  the  very  beginning  of  systole 
would  strike  part  of  the  musculature,  not  in  systole,  but  at  the  very 
end  of  diastole.  This  would  not  be  the  case  with  stimuli  reaching 
the  preparation  during  the  later  stage  of  systole  or  the  beginning  of 
diastole.  This  condition  of  the  refractory  state  never  appears  in  the 
normal  rhythm  of  the  Limulus  heart,  for  the  reason  that  the  myo- 
cardium in  any  one  region  of  the  heart  begins  to  contract  practically 
at  the  same  time  throughout  its  whole  extent,  owing  to  the  simulta- 
neous distribution  of  the  motor  nervous  impulses.  The  condition 
is  practically  the  same  in  the  vertebrate  heart,  whether  the  conduc- 
tion is  myogenic  or  neurt^nic 

We  have  here  lor  the  first  time  a  demonstration  of  the  presence 
of  the  refractory  state  in  the  heart  muscle  apart  from  the  intrinsic 
nervous  tissue.  Moreover,  this  is  in  the  case  of  a  myocardium  which 
is  non-automatic  normally.  This  lends  further  support  to  my  con- 
tention that  there  is  no  causal  connection  between  the  property  of 
automatism  and  the  property  of  refractory  state.  The  refractory 
state  is  probably  a  characteristic  of  all  excitable  tissues,  some  ex- 
hibiting it  to  a  greater  degree  than  others.  But  the  property  of 
automatism  depends  on  other  —  at  present  unknown  —  factors. 

*  Carlson  :  This  journal,  1907,  xxi,  p.  11.  ^ 
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THE  RATE  OF  OXIDATION  OF  SUGARS  IN  AN  ACID 
MEDIUM. 

Bv  H.  H.  BUNZEL. 

IFrMH  tie  Lahtratory  of  BieeAtmittty  and  Pharmaeelagy  cf  Iht  Uniwrsify  «/  Chitogt, 

and  the  Marint  Bitlagiial  Laieraloiy,   WeoJt  Holt,  jViuj.] 

I.    Introduction. 

TT  has  been  shown,  by  Mathews '  and  McGuigan,"  that  acetic 
■*■  acid,  when  added  to  a  system  containing  cupric  acetate  and 
sugar  in  solution,  reduces  the  rate  of  oxidation  for  two  reasons : 

1.  It  probably  depresses  the  dissociation  of  the  sugar  molecule  into 
those  active  particles  which  are  mainly  concerned  in  the  oxidation. 

2.  It  yields  H  ions  which  reduce  the  number  of  the  free  O  ions, 
and  thus  diminish  the  oxidizing  power  of  the  cupric  acetate  solution. 

It  has  also  been  shown  that  if  sufficient  quantities  of  acetic  acid 
are  added  to  such  solutions,  perceptible  oxidation  within  a  short  in- 
terval of  time  may  be  prevented.  The  amount  of  the  acid  which 
is  just  sufficient  to  prevent  the  oxidation  varies  with  different  su^rs, 
and  increases  with  the  ease  with  which  the  sugars  are  being  oxidized. 
According  to  the  quantities  of  acetic  acid  required  to  prevent  a  per- 
ceptible oxidation  under  the  same  conditions,  the  sugars  could  be 
arranged  in  the  following  order:  levulose  (most  acid  required), 
galactose,  glucose,  maltose,  and  lactose  (least  acid  required). 

The  object  of  this  investigation  was  to  determine  more  accu- 
rately the  rate  at  which  the  different  sugars  oxidize  in  an  acetic 
acid  solution,  and  to  establish,  if  possible,  a  numerical  relationship 
between  the  velocities  of  oxidation  of  the  different  sugars.  The 
experiments  were  made  with  levulose,  glucose,  galactose,  mannose, 
maltose,  and  lactose.  For  all  experiments  Kahlbaum's  purest  prep- 
arations of  the  different  sugars  were  used.  Saccharose  was  not 
studied,  as  it  is  partially  inverted  in  the  course  of  an  experiment, 

>  Mathews,  A.  P.,  and  McGuigan  :  This  jouroal,  1907,  xiic,  p.  199. 
*  McGuigan,  H.  :  This  journal,  1907,  xix,  p.  175. 
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and  this,  with  its  very  slow  rate  of  oxidation,  makes  it  impossible  to 
study  the  oxidaticm  of  the  saccharose  itself.  In  the  case  of  lactose 
and  maltose,  as  will  be  seen  later,  the  inversion  was  slow  enough 
not  to  interfere  with  the  measurement  of  the  primary  oxidation. 

II.  Methods. 

A  simple  method  was  devised,  which  allowed  the  removal  of 
successive  portions  of  the  mixture  without  disturbing  the  condi- 
tions under  which  the  oxidation  took  place.  The 
use  of  the  apparatus  shown  in  Fig.  i  is  self- 
evident.  A  \sdi  250  cc.  flask,  to  be  filled  with  the 
sugar-cupric  acetate  mixture;  5  is  a  bent  tube  with 
stopcock,  by  means  of  which  some  of  the  liquid 
'  may  be  drawn  off  at  any  time  during  the  course  of 
an  experiment;  and  C  is  a  dropping- funnel,  kept 
almost  full  of  mercury,  to  force  the  liquid  through 
the  tube  B  when  the  stopcock  E  is  opened,  and  to 
act  as  a  safety  valve ;  Z>  is  a  thermometer  by  means 
of  which  the  temperature  within  the  flask  is 
determined.  The  apparatus  was  placed  in  a  wire 
basket  which  was  suspended  in  a  large  basin  of 
boiling  water.  With  such  an  apparatus  it  is  pos- 
sible to  draw  off  large  or  small  samples  of  the  liquid  at  any  time 
during  the  course  of  an  experiment  without  the  possibility  of  any 
change  in  the  concentration  of  any  one  of  the  constituents  of  the 
system  by  evaporation. 

The  manipulation  was  very  simple.  Successive  portions  were 
withdrawn  for  analysis  at  definite  time  intervals.  After  discarding 
the  first  2-3  cc,  the  solution  was  run  directly  from  the  flask  into 
a  25  cc.  burette,  in  which  it  was  cooled  at  once  under  the  tap. 
This  practically  stopped  the  oxidation.  The  copper  in  the  liquid 
was  now  determined  by  titration  with  one-tenth  normal  thiosulphate 
solution,  using  starch  emulsion  and  potassium  iodide  as  an  indi- 
cator. The  end  point  was  said  to  be  reached  when  the  mixture 
assumed  a  pure  white  color  and  turned  blue  on  addition  of  one  drop 
of  the  cupric  acetate  solution.  To  prepare  the  oxidizing  solution, 
distilled  water  was  saturated  with  cupric  acetate,  and  the  copper 
determined  in  the  solution,  after  having  filtered  the  latter.  This 
was  diluted  with  water  and  8  N  acetic  acid  until  the  concentration 
was  m/2  with  respect  to  the  acetate  and  normal  with  respect  to 


Digitized  byGoOgIc 


Rale  of  Oxidation  of  Sugars  in  an  Acid  Medium.     25 

the  acid.     The  sodium  thiosulphate  solution  was  standardized  by 
means  of  a  one-tenth  normal  iodine  solution. 

To  make  certain  that  the  mercury  took  no  part  in  the  reaction, 
some  control  experiments  were  made  by  means  of  the  sealed-tube 
niethod  used  by  Mathews  and  McGuigan.  Glass  tubes  of  about 
I  cm,  diameter  and  20  cm.  long,  closed  at  one  end,  were  almost 

TABLE   I. 

Concentration  of  Cb,",  sugir  n.  acetic  acid  J. 


Time  elapsed 
between  be- 
einningrf«- 

Concentration  of  Cu  in  terras  of  -y^ 

NajSjO,  solution. 

withdrawal  of 
liquid. 

Usioesealed 

Using  improved 

DiSetence. 

0' 

2.520 

2.500 

ao20 

10 

1.530 

lJiZ2 

0.008 

20 

LIOJ 

1.086 

aoi7 

30 

0.854 

0.805 

0.049 

40 

0*30 

a639 

0009 

50 

0.5Z5 

0.519 

0006 

60 

0.439 

a442 

0.003 

comj>igtg|y  filled  with  the  solutions,  and  then  the  other  end  sealed. 
Tri^y  were  all  put  into  a  bath  of  boiling  water  at  the  same  time,  and 
fft^<T.o-\'ed  one  by  one  at  the  desired  time  intervals.  The  tip  of  the 
tOD^  was  then  broken  off  and  the  concentration  of  the  unreduced 
"*r*F>«r  determined.     The  results  are  given  in  Table  I. 

T'he  deviations  seen  in  Table  I.  are  within  the  range  of  experi- 
'"^■'ital  errors,  and  show  that  the  mercury  played  no  part  in  the 
reaotion. 

■'-I I.  Measurements  of  the  Relative  Speeds  of  Oxidation 
OF  THE  Different  Sugars. 

T^tie  method  being  correct,  I  proceeded  to  measure  the  rate  at 
^■^i<:;h  the  dififerent  sugars  reduce  the  cupric  acetate-acetic  mixture. 
^^^^  results  are  given  in  Table  II.  In  all  these  experiments  the 
"^^^^ture  contained  at  the  beginning  of  the  oxidation  the  sugar  at  a 
tc>nt;^nt ration  of  jh/20,  copper  acetate  »(/4,  and  the  acetic  acid  )ji/2. 
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TABLE   II. 


Sngar. 

Hme. 

Number  of 

1  C.C  of  the 
Cu  solution. 

Time 

elapsed 

preceding 
determination. 

Amount  of 
Cu  reduced 
in  timer ei- 

ofaf, 
Na,S,0,sol. 

Mean  velocity 
during  /. 
Amount  re- 
duced -^  t. 

Levolote 

4;2S 

placed  in  bith 

of  boiling  wa 

ter. 

4:31 

2.S00 

0" 

4:40 

1.S22 

9 

0.978 

0.10^ 

4:50 

1.086 

10- 

0.436 

0.0+36 

S:00 

asos 

IC 

0.Z81 

aoz8i 

S:10 

0£37 

10- 

■       0168 

a0168 

SiZO 

O.SW 

10- 

0.118 

00118 

5:30 

0.44Z 

lo- 

0.077 

0.0077 

5:40 

0.381 

lO- 

0.061 

0.0061 

5:50 

0,337 

Iff 

COM 

0.0044 

6:00 

0.293 

Iff 

O-OW 

O.0O4O 

Galactose 

2:41 

placed  in  bath 

of  boiling  water. 

2:48 

Z.S0O 

ff 

2:50 

2.425 

2' 

0.075 

0.0375 

3:00 

2.144 

10- 

0-281 

0.0Z81 

3:  IS 

1.809 

IS' 

0J35 

6.0223 

3:35 

1.S68 

2ff 

0.241 

aoi^ 

3:5S 

1.402 

2ff 

0166 

0.0033 

4:30 

1.213 

35' 

ai89 

0.0054 

5:00 

1.0S6 

3ff 

0127 

0.0042 

5:30 

0.984 

3ff 

OIOZ 

a0034 

6:00 

OS94 

30' 

0.090 

O.003O 

7:00 

0.769 

6^ 

0.125 

0.0021 

8:00 

0£46 

60' 

aiz3 

0.0020 

GIUCOK 

11:10 

placed  in  baih 

of  boiling  wa 

ter. 

11:16 

Z.487 

ff 

11:30 

2.110 

14' 

0337 

02690 

11:45 

1.820 

15' 

0.290 

0.0193 
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TABLE   II   {a«tinutd). 


Sugar. 

Time. 

Number  of 

to  titrate 
Ice,  of  the 
Cu  solution. 

Time 

".IS? 

Amount  of 
Cu  reduced 

presied'incc 

Na,S,0,»ol. 

Mean  velocity 
during  /. 
Amount  re- 
duced ~  1. 

Gtncosc 

12:00 

lAll 

15' 

0.209 

0.0139 

12:20 

1.418 

20'- 

0.193 

0.00S6 

12:50 

1.208 

2ff 

0.210 

0.0070 

1:35 

1.005 

45' 

0.203 

0X)045 

2:30 

0.8Si 

55' 

aiss 

0.0028 

3:00 

0.790 

30- 

0.062 

0.0021 

<:00 

0.668 

60- 

ai22 

aoo20 

4:15 

0.6541 

75' 

0.136 

0.0018 

Lactoae 

1:40 

placed  in  bath 

of  boiling  wa 

ler. 

1:48 

2.459 

0' 

3:15 

2.044 

27' 

0.415 

0.01537 

S:00 

1.641 

105' 

0-403 

0.00384 

6:00 

1.43S 

60" 

a206 

0.00343 

7:45 

1.097 

lOS' 

0.338 

0.00322 

10:05 

0.S02 

140" 

a295 

0.00211 

10:50 

0707 

45' 

a095 

OXKBll 

Hannose 

2:11 

placed  in  bath 

of  boiling  wa 

ler. 

2:20 

2.432 

V 

2:30 

2.135 

10' 

0297 

0.0297 

2:40 

1.903 

W 

0.232 

0,0232 

2:50 

1.756 

i(y 

ai47 

0.0147 

3:00 

1.563 

10- 

0.193 

0.0193 

3:10 

1.443 

10' 

0.120 

0.0120 

3:30 

1.280 

20' 

0.163 

0.0081 

4:00 

1.078 

30' 

0.202 

0.0067 

4:30 

0.929 

30- 

0.149 

0.0050 

?:00 

0.820 

30- 

0.109 

0.0036 

6:00 

0.642 

60' 

0.178 

0.0029 

7:00 

0,564 

60' 

0.078 

0.0013 

DiailizedbyGoOgle 


28 


H.  H.  BumeL 


If  we  plot  these  results,  representing  times  on  the  ordinates  and 
(xmcentrations  on  the  abscissae,  we  get  the  curves  shown  in  Fig.  2. 

An  inspection  of  these  curves  shows  in  a  striking  manner  the 
different  velocities  with  which  the  various  sugars  are  oxidized. 
]>vulose  is  oxidized  with  far  greater  speed  than  any  of  the  others. 
Mannose  comes  next  after  levulose.     Galactose  at  the  outset  is 
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oxidized  a  little  more  rapidly  than  glucose,  but  later  falls  behind 
the  latter.  Lactose  is  oxidized  much  more  slowly.  These  results 
confirm  Mathews  and  McGuigan  both  in  the  relative  order'  the 
sugars  take  in  their  ease  of  oxidation  and  also  that  there  are  wide 
diiTerences  in  the  velocities  with  which  the  sugars  are  oxidized. 
In  addition  the  position  of  mannose  is  shown  to  be  intermediate 
between  levulose  and  galactose. 

IV.  Can  a  Velocity  Constant  be  found  for  these 
Reactions  ? 

From  the  decisive  character  of  the  preceding  results  it  was  first 
hoped  that  an  equation  might  be  found  which  would  yield  a  veloc- 
ity constant  by  which  the  oxidation  velocities  of  the  different  sugars 
could  be  numerically  expressed.  From  a  priori  reasoning  it  did 
not  seem  very  likely  that  such  a  constant  could  be  found,  since  by 
the  oxidation  of  a  part  of  the  sugar  acid  is  produced,  and  this,  as 
is  shown  further  on,  greatly  retards  the  rate  of  oxidation.  How- 
ever, as  it  was  possible  that  this  factor  might  not  too  greatly  in- 
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terfere,  various  attempts  were  made  to  find  equations  giving  a 
constant.  The  attempts,  however,  were  fruitless.  The  general 
velocity  equation. 


failed,  as  did  also  the  equations  of  reactions  of  the  first,  third,  and 
fifth  order.  To  determine  the  order  of  the  reaction,  therefore,  it 
was  necessary  to  use  a  method  which  would  give  accurate  values 
for  the  order  of  the  reaction  in  the  presence  of  disturbing  condi- 
tions.   Such  a  method  is  that  of  van't  Hoff. 


V.    The  Determination  of  the  Order  of  the  Reaction 

To  determine  n  van't  Hoff's  differential  method  was  used.  This 
method  is  based  on  the  fact  that  the  velocity  of  a  reaction  of  the 
nth  order  is  proportional  to  the  «th  potential  of  the  concentration. 
The  conditions  are  simplest  when  the  substances  are  present  in 
equimolecular  proportions.    Then 

where  C  denotes  the  concentration  of  the  reacting  substances. 

If  we  make  two  experiments  with  different  initial  concentrations, 
C  and  C",  of  the  reacting  substances,  we  get 

(■)     -%  =  >:C-;  W     -^  =  iC"-. 

If  we  divide  expression  i  by  expression  2,  we  get 

dt 
Taking  the  Ic^rithms  of  both  sides  of  the  equation,  we  get 

-eT)-'-(^)="-(&.)- 
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Solving  for  «, 

log  r- log  c"' 

For  the  sake  of  deteimining  «  experimentally,  two  solutions  were 

made  up  of  the  following  compositions : 

Solution  I.  — 
Number  of  c.c.  of  Mr/4  copper  acetate  solution  id  n  acetic  acid 

used 100.00 

Grams  of  glucose  dissolved  to  make  1 00  cc.  of  solution    .    .  4.95 

Total  volume  of  the  solution  expressed  in  cc 100.00 

Molecular  concentration  of  Cu 0.1375 

Molecular  concentration  of  sugar       °-i375 

Molecular  concentration  of  acetic  acid 0.5 

aolnUon  U.  — 

100  c.c.  of  solution  A, 
100  c.c.  of  ffl/ 2  acetic  acid. 

The  experiments  were  conducted  in  the  usual  way.  The  titer 
was  determined  at  the  outset,  twenty  minutes  after  placing  the 
reaction  flask  in  the  bath  of  boiling  water,  and  twice  more  at  in- 
tervals of  ten  minutes  each.  The  results  are  shown  in  Table  III. 
The  figures  given  for  the  varying  concentrations  of  the  solution 
represent  the  number  of  centimetres  of  tenth  normal  thiosulphate 
solution  necessary  to  titrate  i  c.c.  of  the  cupric  acetate  solution. 
The  figures  in  column  represent  the  differences  between  the  initial 
titer  and  the  titer  at  ♦  .e  withdrawal  of  the  sample,  and  stand  there- 
fore for  the  extents  jf  oxidation  in  the  different  cases.  The  figures 
in  column  C  are  the  mean  concentrations  for  twenty,  thirty,  and 
forty  minutes  respectively. 

The  figures  seem  to  show  that  the  oxidation  of  glucose  by  copper 
acetate  in  an  acetic  acid  solution  is  a  reaction  of  the  fifth  order. 
In  view  of  this  fact  it  was  suggested  to  me  by  Professor  Mathews 
that  the  reaction  might  be  written  in  two  stages  as  follows,  the 
first  of  these  equations  being  of  the  fifth  order ;  * 

C.H„0,  +  a  Cu"  +  3*0  =  C,H„0,  ■  3  CuO 
C,H„0,  ■  1  CuO  =  C.H„Ot  +  Cu,0 

»  This  equation  does  not  apply  strictly  to  the  results  obtained,  since  it  involres 
oxygen. 
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TABLE   III. 


Time. 

Solution. 

solution  tequ.  to  titrate  1  c.c. 
of  Cu-sugar  loixture 

c. 

A. 

B. 

1.375. 
0*84 

0.664 
0.834 
0.647 
a74Z 
0.6Z7 

Mean. 

At  sure. 

Twetiiv  minutes 
after  'flaak  bas 
been  put  into 
bath. 

Thirty  minutes 
after  flask  has 
been  put  into 
bath. 

Forty  minutes 
aftef  flask  has 
been  put  into 
bath. 

I. 
II. 

I. 
II. 

I. 
II. 
I. 

II. 

1.379 

0.686 
0.945 
0.66+ 
0.832 
a653 
0.742 
0.6Z8 

<    1377 
0JSS5 
a94S 

0.664 
a833 

a6so 

0,742 
0.627 

0.432 

ao2i 

aS44 

aojs 

0.63.'; 
a052 

1.1610 
06745 
UOSO 

0.6675 
I,0S9S 
0,6560 

From  these  figures 


log 

433    -log  .02. 

log. 

.6.0  —  log  .6745 

log 

544    -log  .035 

log. 

1050  -  log  .6675 

log 

635    -log  .058 

log. 

OS95  -  log  6560 

mean  value  for 


VI.  Effect  of  Acidity  on  the  Rate  of  Oxidation. 

It  was  found,  by  Mathews  and  McGuigan,  that  the  rate  of  oxi- 
dation is  greatly  slowed  by  the  addition  of  acetic  acid.  Further 
observations  on  this  point  were,  however,  desirable,  and  the  fol- 
lowing experiments  were  tried. 

Table  IV,  gives  the  concentrations  of  the  solutions  used,  as  well 
as  the  results  obtained.  -The  mixtures  were  put  into  glass  tubes, 
which  were  then  sealed  and  dropped  into  a  bath  of  boiling  water. 
After  heating  the  contents  for  twenty  minutes,  they  were  removed, 
cooled  under  the  tap,  and  the  copper  in  the  solution  determined. 
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In  the  last  experiment  some  of  the  rfcetate  was  precipitated  by  mass 
action. 

FrcKn  Fig.  3,  where  these  results  are  represented  graphically,  it 
is  evident  that  the  acidity  of  the  system  is  a  very  important  factor 
in  the  rate  with  which  the  oxidation  goes  on,  and  that  the  rate  is 
greatly  slowed  by  the  addition 
of  acetic  acid.  It  is  seen,  as 
might  be  expected,  that  the 
addition  of  small  amounts  of 
acetic  acid  slows  the  reaction 
greatly,  but  that  increasing  the 
acidity  from  A^  c«i  produces 
very  little  change  in  the  rate. 

This  resuh  evidently  means  that 

^*  the  addition  of  more  concen- 
trated acid  does  jiot  increase 
the  number  of  H  ions  by  any  means  proportional  to  the  total  in- 
crease in  concentration  of  acid  added. 

The  reason  why  the  acid  reduces  the  rate  of  oxidation  is  prob- 
ably that  already  stated  at  the  beginning  of  the  paper,  and  shown 
in  the  hypothetical  equation  on  page  30,  i.  c,  by  reducing  the  num- 
beitof  oxygen  ions  and  dissociated  sugar  particles. 


0 

711 

Figure  3. 


VII.  Comparison  of  the  Rate  of  Initial  Velocities. 


While  it  was  found  impossible  to  get  any  constants  which  would 
permit  of  a  numerical  representation  of  the  different  velocities  at 
which  the  sugars  oxidize,  it  occurred  to  us  that  a  comparison  of 
the  velocities  for  a  certain  short  interval  of  time  at  the  beginning 
of  the  reaction  would  give  us  an  approximation  of  what  we  wished. 
For  it  is  clear  that  the  velocity  is  probably  at  its  maximum  at  the 
start  of  the  reaction,  and  thereafter  steadily  diminishes  owing  to 
secondary  reactions,  increased  acidity,  and  the  using  up  of  material. 
The  shorter  the  time  interval  during  which  the  change  in  oxidation 
is  taking  place  and  the  nearer  it  is  to  the  beginning  of  the  reaction, 
the  more  closely  will  the  result  approximate  the  actual  initial  veloc- 
ity of  the  reaction.  Unfortunately,  however,  it  is  impossible  to 
measure  accurately  the  change  in  these  short  intervals.  It  is  pos- 
sible, however,  to  compute  approximately  the  velocities  with  which 
the  reactions  sfart  out.     If  we  prepare  a  series  of  solutions,  all  of 
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which  contain  the  same  amount  of  copper  and  acetic  acid,  and 
each  one  of  which  contains  a  different  sugar  in  the  same  molecular 
concentration,  and  allow  the  oxidaticHis  to  go  on  under  the  same 
conditions,  we  can,  by  interpolation  from  the  curves  obtained  in 


^ 
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/ 

.e»s 

^ 

6LUC0SE 

u 

^ 

maltose; 

■ 

0' 

20- 

»■ 

40- 

50' 

SO' 

70' 

BO'             9ff 

this  way,  compute  the  average  velocities  in  the  first  small  element 
of  time.  We  can  thus  get  definite  figures,  which  would  be  an  ap- 
proximate measure  of  the  relative  rate  of  the  oxidation  of  the 
sugars.    It  would  not  be  an  absolute  measure  of  the  relative  veloc- 


GIUCOM. 

LeTulose. 

Galaclose. 

Man  nose. 

Maltose. 

LactoK.     1 

Time. 

Titer. 

Time. 

Titer. 

Time. 

Titer. 

Time. 

Titer. 

Time. 

Titer. 

■Hme. 

Titer. 

0 

1.352 

z' 

1.200 

2 

1.320 

3 

1.301 

0 

1.3S6 

0 

1.360 

7 

1.ZS6 

7 

0.978 

12 

1.130 

13 

1.174 

10 

1338 

20 

1322 

17 

1.202 

12.5 

a848 

22 

1.111 

23 

1.088 

.  20 

U15 

50 

1316 

37 

1X98 

22 

a729 

32 

1.070 

33 

1.019 

40 

1.284 

90 

1.264 

57 

1.026 

32 

0A21 

a 

0.982 

70 

1.246 

•• 

ity  of  oxidation,  on  account  of  the  changes  in  ease  of  oxidation 
during  the  course  of  a  reaction,  which  changes  in  the  different 
sugars  are  by  no  means  parallel. 

In  Table  V  the  results  are  given  in  the  usual  way.  The  solutions 
contained  i  molecule  of  sugar  to  6  of  the  copper ;  the  acidity  was 
m/2. 

If  we  calculate  the  average  velocities  at  five-minute  intervals 
from  the  curve  in  Fig.  4  and  plot  the  figures  obtained,  representing 
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times  on  the  ordinates  and  the  average  velocities  on  the  abscissae, 
the  points  of  intersection  on  the  y  axis  will  give  us  our  initial 
velocities.  From  Figs.  5  and  6  it  is  evident  that  these  values  in 
the  case  of  the  different  sugars  are  in  the  following  ratio : 


Lactose    . 

■     <=-o°'9S 

Galactose 

Maltose    . 

.     0.00325 

Mannose 

Glucose    . 

.       0.0II30 

Levulose 

Assuming  that  the  velocity  of  the  oxidation  in  the  case  of  lactose 
is  unity,  we  obtain  the  following  figures : 

T.,actose  ,  .  ,  1.00 
Maltose  .  .  .  1.15 
Glucose    .    .     .    5.71 


Galactose    . 

.     .     8.7a 

Mannose      . 

.    .    8.73 

Levulose 

•     ■  55->3 
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PERIODS  OF  2  MIMUTES 
FIGURB  5. 


5MINUTES 
FIGUKS  6- 


If  the  velocity  is  proportional  to  the  amount  of  dissociaticm  of 
the  sugar  molecules  as  suggested  by  Mathews  and  McGuigan,  these 
figures  mean  that  in  a  solution  of  this  degree  of  acidity  levulose 
is  dissociated  55  times  as  much  as  lactose,  48  times  as  much  as 
maltose,  9.7  times  as  much  as  glucose,  and  about  6.3  times  as  much 
as   galactose  and  mannose,  when  in  this  concentration.     These 
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figures,  while  necessarily  only  approximations,  are  certainly  more 
accurate  than  those  of  Mathews  and  McGuigan,  which  were  com- 
puted from  solutions  of  different  acidities  and  which  were  given 
only  as  rough  estimates.  There  is  no  doubt,  however,  that  they 
represent  fairly  the  order  of  the  velocities  of  oxidation  under  these 
conditions. 

VIII.   Summary  and  Discussion. 

The  experiments  described  and  the  conclusions  from  them  may 
be  summarized  as  follows : 

1.  The  sugars,  glucose,  levulose,  mannose,  galactose,  maltose,  and 
lactose,  may  be  oxidized  in  an  acid  solution  (m/2  acetic  acid)  with 
such  relative  initial  velocities  as  are  represented  in  the  following : 

Lactose  (oxidizes  slowest)    .     i.oo  Galactose     .     .    .      S.71 

Maltose 1.15  Mannose     .     .    .      8.73 

Glucose 5.71  Levulose     .     .     .     55-13 

It  appears  to  the  writer  of  this  paper  that  this  difference  in  the 
kinetic  state  of  the  sugars  might  well  be  accounted  for  by  Nefs 
theory,  as  suggested  by  Mathews  and  McGuigan,  according  to 
which  the  reactivity  of  the  organic  substances  is  dependent  on  their 
extent  of  dissociation.  If  this  be  true,  the  figures  above  represent 
the  relative  amount  of  dissociation  of  the  sugars. 

2.  The  reaction  is  one  of  the  fifth  order. 

3.  H  ions  retard  the  oxidation  considerably.  It  is  thought  that 
this  is  due  principally  to  two  reasons : 

a.  They  decrease  the  total  number  of  free  O  ions  in  the  solution. 

h.  They  diminish  the  dissociation  of  the  sugar  molecule. 

Under  certain  conditions  it  is  possible  to  make  use  of  the  facts 
brought  out  in  the  above  to  estimate  the  amount  of  sugar  present 
in  a  solution.  It  must  be  admitted,  of  course,  that  the  conditions 
under  which  such  determinations  would  be  possible  are  limited.  We 
have  to  prepare  a  series  of  solutions  containing  known  amounts  of 
the  sugar  in  question  and  determine  the  rate  of  oxidation  in  these 
solutions.  By  repeating  the  experiment  under  similar  conditions 
with  the  unknown,  we  can  locate  the  latter  in  our  arbitrary  scale. 

The  writer  wishes  to  express  his  gratitude  to  Professor  A.  P. 
Mathews,  who  suggested  this  problem  to  him  and  under  whose 
direction  this  work  has  been  done. 
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PERFUSION  EXPERIMENTS  ON  EXCISED  KIDNEYS.  — 
IX.    THE  EFFECTS  OF  VARIOUS  POISONS.' 

By  TORALD  SOLLMANN  and  R.  A.  HATCHER. 

[f-'rmH  lAt  PAamuu^Bgiea!  Laiffrattriit  ef  Iht  Medical  Dipartaitnlt  ef  Wistirn  Rtttrvi 
Vnh'trnlj',   Clevtland,  Ohie,  and  ef  Cemtli  Univmily,  New    York,  A.  K] 

TN  this  series  of  experiments  we  proposed  to  study  the  direct 
■^  effects  of  a  series  of  poisons  on  the  kidney,  and  to  distinguish 
in  how  far  these  effects  are  vascular;  or  whether  they  are  to  be 
referred  to  changes  in  the  filtering  membrane,  or  to  some  action  on 
the  secretory  epithelium.  This  could  be  deduced  irom.  simultaneous 
observation  of  the  vein  and  ureter  flow  and  oncometer;  and  by 
subjecting  the  kidney  to  more  or  less  severe  injuries,  which  may 
be  supposed  to  affect  one  set  of  structures  more  readily  than  an- 
other. To  this  end  the  perfusions  were  undertaken  with  defibri- 
nated  blood,  diluted  with  two  to  four  volumes  of  i  per  cent  sodium 
chloride  solution,  at  body  temperature  and  at  room  temperature. 
Somewhat  more  unfavorable  conditicms  were  secured  by  perfusion 
with  I  per  cent  sodium  chloride.  These  conditions  were  found  to 
approximate  the  norma!  results  in  most  cases.  More  severe  injury 
was  caused  by  sodium  fluoride  and  other  poisons  and  by  2  per  cent 
sodium  chloride.  The  latter  procedure  secures  the  advantage  of 
very  free  ureter  flow,  facilitating  the  observation  of  the  effects  on 
filtration.  Finally,  all  vital  reaction  could  be  definitely  excluded 
by  perfusing  the  kidneys  several  days  after  they  had  been  excised; 
but  the  ureter  flow  in  these  kidneys  is  always  very  scanty. 

These  conditions  were  not  all  tried  with  each  drug,  but  only 
those  which  appeared  promising.  The  technique  of  the  perfusions 
was  that  described  in  the  previous  papers  of  this  series.  We  shall 
present  the  resuUs  in  abstract,  arranging  the  drugs  alphabetically. 
The  relative  strength  of  the  effects  will  be  indicated  by  descriptive 
terms ;  we  purposely  refrain  from  expressing  these  values  as  per- 

'  The  previous  papers  of  this  series  have  appeared  in  this  journal,  xiii.  pp.  341- 
303,  and  xix,  pp.  233-2S7. 
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centages,  since  this  gives  a  wholly  misleading  impression  of  mathe- 
matical accuracy.  As  a  matter  of  fact,  the  quantitative  effect  can 
be  estimated  much  more  correctly  by  a  careful  study  of  the  curves 
than  directly  from  the  numerical  data.  The  conclusions  from  these 
results  are  summarized  under  each  drug  and  compared  with  those 
of  other  investigators.  The  effects  of  drugs  on  the  flow  through 
excised  organs  have  been  studied  bj*  a  number  of  experimenters, 
who  generally  employed  defibrinated  blood.  The  data  up  to  1896 
have  been  taken  from  the  convenient  compilation  of  Paldrock.^  Of 
the  later  work  we  have  only  quoted  that  of  Sakusoff,*  who  perfused 
the  kidneys  with  Locke's  solution. 

1.  Adrenalin.  —  A  part  of  the  results  with  this  drug  were  de- 
scribed by  us  in  previous  papers.*  It  was  used  in  the  uniform  con- 
centration of  I  :  50,000.  When  added  to  dilute  defibrinated  blood 
(seven  perfusions  through  six  kidneys),  this  produced  in  practically 
every  experiment  a  very  marked  decrease  of  the  vein  and  ureter 
flow  and  oncometer,  indicating  a  strong  vasoconstriction.  The 
effect  occurred  very  promptly  (generally  within  five  minutes)  and 
was  very  lasting  —  the  recovery  being  sometimes  very  incomplete 
seventy-five  minutes  after  the  perfusing  fluid  had  been  changed 
to  unpoisoned  blood.  The  delayed  recovery  is  doubtless  due  to  the 
very  slow  displacement  of  the  poison  from  the  constricted  vessels. 
This  is  in  marked  contrast  with  the  quick  disappearance  of  the 
vascular  effects  of  an  adrenalin  injection  in  living  animals.  The 
latter  cannot,  therefore,  be  explained  by  an  extensive  destruction 
of  the  adrenalin  in  the  kidney,  nor  by  fatigue  or  failure  of  the 
vessels  to  respond  to  a  continuous  adrenalin  stimulation. 

As  recorded  in  the  previous  communications,  the  constrictor  ac- 
tion of  adrenalin  diminishes  with  every  injurious  influence  and  may 
give  place  to  a  moderate  dilator  reaction.  This  dilator  reaction 
was  observed  once  with  the  blood  solution,  and  more  frequently 
when  the  adrenalin  was  perfused  in  i  per  cent  NaCl.  Of  thirteen 
such  perfusions  (i  adrenalin  to  50,000  of  I  per  cent  NaCl)  on 
nine  kidneys,  six  showed  a  typical  constrictor  action;  three  were 
ineffective;  in  three  the  oncometer  fell,  but  the  vein  flow  increased; 
and  in  one  the  oncometer  and  vein  flow  both  increased.    In  the  last 

'  Paldrock  :  Arbeilen  des  Pharmakologischen  Instituts  lu  Dorpat,  1896,  xiii, 
p.  87. 

■  Sakusofp  :  quoted  from  the  abstract  in  Biochemisches  Centralblatt,  1904,  Hi, 
p.  40. 

*  T.  Sollmann;  This  journal,  xiii,  p.  246,  and  R.  A.  Hatcher,  Ibid.,  xc, 
p,  144. 
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case  an  earlier  perfusion  gave  a  typical  vasoconstriction  which 
passed  off  during  the  adrenalin  perfusion.  In  another  case  the 
adrenalin  perfusion  was  continued  for  one  hundred  and  thirty 
minutes,  the  constriction  persisting  through  this  entire  period, 
although  it  was  somewhat  less  toward  the  end. 

On  the  whole,  the  constrictor  reaction  was  less  constant  and  seemed  per- 
haps, on  the  whole,  somewhat  less  powerful  when  the  adrenalin  was  added  to 
the  NaCI  than  when  it  was  added  to  blood ;  this  last  point  is  difficult  to  decide. 
Otherwise,  when  the  constriction  occurred,  it  differed  in  no  observable  manner 
from  that  obtained  in  blood. 

Hatcher  showed  that  excised  kidneys  perfused  with  normal  saline  solution 
cease  to  respond  to  adrenalin  within  three  hours ;  when  perfused  with  Ringer's 
solution,  in  three  to  nine  hours ;  whilst  after  perfusion  with  Locke's  fluid  a 
good  reaction  could  only  be  obtained  after  twenty-four  hours. 

In  2  per  cent  NaCl  the  adrenalin  in  the  above  proportion  was 
ineffective,  —  of  eleven  perfusions  through  as  many  kidneys,  seven 
showed  no  effect  whatever ;  in  the  other  four  there  was  some  de- 
crease of  the  vein  or  ureter  flow  or  oncometer.  This  was  slight 
and  never  involved  all  three  functions,  so  that  it  was  either  insig- 
nificant or  accidental. 

After  previous  perfusions  with  0.3  per  cent  sodium  fluoride  in 
I  per  cent  NaCl  for  one-half  to  one  hour,  some  constriction  oc- 
curred when  adrenalin  was  added  to  the  perfusing  blood,  but  this 
was  always  slight  (three  perfusions). 

A  marked  constrictor  action  was  exhibited  by  all  the  other  organs 
examined :  four  perfusions  of  legs,  with  i  per  cent  NaCl ;  one  of 
spleen  with  blood,  and  one  with  i  per  cent  NaCI ;  one  of  intestine 
with  I  per  cent  NaCl  and  one  with  blood. 

Conclusions.  —  Adrenalin  in  the  proportion  of  i  :  50,000  gives 
marked  vasoconstriction  in  all  the  organs  examined,  i.  e.,  diminu- 
tion of  vein  flow  and  oncometer  and  of  the  ureter  flow.  The  effect 
occurs  very  promptly,  and  lasts  as  long  as  any  adrenalin  is  present, 
i,  e.,  over  several  hours.  The  constrictor  effect  lessens,  however, 
with  the  time  elapsing  after  the  excision  of  the  organ,  and.  in  the 
case  of  the  kidney,  may  give  place  to  dilation. 

The  constrictor  reaction  occurs  in  blood  and  i  per  cent  NaCl 
and  Locke's  fluid,  but  not  in  2  per  cent  NaCl.  Previous  perfusion 
with  sodium  fluoride  lessens  the  effect,  but  does  not  abolish  it 
completely. 
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2.  Aloohoi.  —  A  I  :  looo  solution  in  2  per  cent  NaCI  was  perfused 
through  nine  kidneys,  always  for  thirty-five  minutes.  The  vein 
flow  was  unaltered  in  five,  doubtful  in  three,  and  slightly  decreased 
in  one.  The  ureter  flow  was  unchanged  in  three,  doubtful  in  four, 
and  slightly  decreased  in  one.  The  oncometer  was  unchanged  in 
three,  doubtful  in  two,  and  slightly  decreased  in  one.  The  doubt- 
ful changes  are  more  often  in  the  direction  of  decrease. 

But  one  perfusion  was  tried  with  i  :  lOoo  in  i  per  cent  NaCI 
on  a  fresh  kidney  (twenty  minutes)  ;  the  efifect  was  quite  negative. 
Even  a  i  :  lOO  in  i  per  cent  NaCI  (twenty  minutes)  was  negative 
in  two  kidneys,  whilst  in  the  third  there  was  a  fair  decrease  of  vein 
and  ureter  flow,  but  not  of  the  oncometer. 

Conclusion.  —  Alcohol  is  without  effect  when  perfused  in  the 
proportion  of  i  :  looo  to  i  :  lOO  in  2  per  cent  and  i  per  cent  NaCI. 
Kobert  also  found  a  i  to  2  :  1000  solution  ineffective  on  the  calf's 
foot. 

3.  Amyi  nitrite.  —  This  was  perfused  once  through  an  excised 
leg  and  once  through  a  recently  excised  kidney.  On  the  leg  a 
I  :  5000  in  I  per  cent  NaCI  was  used.  The  result  was  a  marked 
decrease  of  vein  flow.  On  the  kidney  a  i  :  1500  solution  in  diluted 
blood  was  employed.  There  was  a  slight,  doubtful  decrease  of 
vein  flow  and  increase  of  oncometer.  This  kidney  responded  well 
to  chloral ;  the  leg  to  this  and  to  digitalis. 

Whilst  these  results  are  too  scanty  for  definite  judgment,  they 
certainly  speak  strongly  against  a  marked  peripheral  vasodilator 
action ;  on  the  contrary,  they  rather  tend  to  show  vasoconstriction. 

Kobert  and  Thompson  obtained  a  considerable  vasodilator  effect 
on  kidneys,  but  they  used  concentrations  from  three  to  eight  times 
as  high  as  the  strongest  which  was  employed  by  us, 

4.  Arsenate  of  Bodiain.  —  Twelve  perfusions  were  made  with 
1  :  1000  of  2  per  cent  NaCI.  The  vein  flow  was  markedly  de- 
creased in  nine,  unchanged  in  three.  The  ureter  flow  was  markedly 
decreased  in  seven,  doubtful  in  three,  unchanged  in  ,  two.  The 
oncometer  fell  in  five,  was  unchanged  in  one.  These  effects  oc- 
curred well  after  i  :  1000  NaF  (two  experiments),  but  not  after 
I  :  10,000  picric  acid  (one  experiment).  Subsequent  perfusion 
with  NaCI  gave  very  imperfect  recovery  of  the  vein  flow  and  still 
less  of  the  ureter  flow.  Of  two  perfusions  of  i  :  1000  in  defibri- 
nated  blood,  one  was  negative,  the  other  showed  a  fall  of  vein  flow 
and  oncometer. 
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Conclusion.  —  The  excised  kidney  therefore  shows  no  indication 
of  the  capillary  dilation  which  is  considered  the  most  character- 
istic effect  of  arsenic  in  living  animals.  On  the  contrary,  the 
vascular  resistance  is  increased.  The  relatively  smaller  and  less 
constant  effect  on  the  oncometer  indicates  that  this  resistance  is 
introduced  more  peripherally  than  with  mercury  or  picric  acid. 

Kobert  found  0.4:,  1000  without  effect  on  the  kidney. 

6.  Cftffein.  —  This  was  used  in  the  form  of  caflein-sodium-ben- 
zoate  and  of  the  citrated  caffein.  Since  these  compounds  contain 
about  50  per  cent  of  the  alkaloid,  the  real  concentration  is  but  one 
half  of  that  stated.  We  made  five  perfusions  of  i  part  of  caffein 
sodium  benzoate  in  5000  parts  of  i  per  cent  NaCI;  six  perfusions 
with  the  same  concentration  in  diluted  blood;  and  six  perfusions 
with  I  part  citrated  caffein  in  10,000  parts  2  per  cent  NaCl.  These 
were  absolutely  negative  with  a  single  exception,  in  which  there  was 
a  considerable  increase  of  the  vein  and  ureter  flow.  This  must 
have  been  accidental. 

Three  kidney  sections  were  transferred  from  1  per  cent  NaCl  to 
I  part  of  caffein  sodium  benzoate  in  5000  parts  of  i  per  cent  NaCl ; 
two  of  these  lost  slightly  in  weight,  the  other  remained  unchanged. 

Conchisions.  —  In  concentrations  up  to  i  :  10,000,  caffein  in  the 
form  of  caffein  sodium  benzoate  and  of  citrated  caffein  was  quite 
ineffective,  even  when  perfused  with  cold  blood. 

Sakusoff  reports  vasodilation  for  the  same  concentration. 
Kobert,  however,  found  only  a  slight  dilation  with  i  :  1000,  but 
a  fair  dilation  with  1.2:1000. 

6.  Cautli&rldin.  —  This  was  only  tried  on  one  kidney,  but  here 
under  the  most  favorable  conditions,  namely,  in  diluted  blood 
(i  :  5000)  and  soon  after  the  excision  of  the  kidney.  The  effect 
on  the  vein  flow  and  oncometer  was  entirely  negative,  indicating 
that  cantharidin  does  not  act  on  the  excised  kidney. 

7.  CarboD  dioxide.  —  Blood  saturated  with  the  gas  was  perfused 
four  times;  a  saturated  solution  in  2  per  cent  NaCl  twice.  The 
result  was  entirely  negative. 

8.  Cuboa  monoxide.  —  Blood  saturated  with  coal  gas  was  per- 
fused through  three  kidneys.  In  another  experiment  the  blood  was 
saturated  with  pure  carbon  monoxide.  The  results  were  uniformly 
negative. 

9.  Chloral  hrdTAta. — A  1  :  looo  solution  in  diluted  blood  was 
perfused  twice  through  the  same  kidney,  producing  in  each  case  a 
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very  marked  increase  of  vein  flow  and  oncometer.  The  effect  began 
at  once,  but  continued  to  increase  during  twenty  minutes.  On 
resuming  the  unpoisoned  blood,  the  effect  gradually  disaj^jcared. 
Identical  effects  were  obtained  on  a  leg  with  i  :  500  solution  in 
I  per  cent  NaCl;  and  on  a  spleen  perfused  with  i  per  cent  NaQ, 
500  of  10  per  cent  chloral  being  injected  into  the  perfusing 
cannula. 

The  chloral  was  found  to  remove  at  once  the  vasoconstriction 
of  barium  chloride  and  digitalis,  whilst  the  latter  in  its  turn 
promptly  abolishes  the  action  of  chloral. 

Conclusions.  —  Chloral  hydrate  produces  a  powerful  vasodilaticm 
in  a  concentration  of  i  ;  1000,  in  all  the  organs  tried,  and  is 
mutually  antagonistic  with  barium  and  digitalis. 

Sakusoff  records  dilation  with  i  :  10,000.  Morse  observes  but 
a  slight  dilation  with  l  to  5  ;  1000,  Kobert  obtained  considerable 
dilation  with  concentrations  of  2 :  1000  and  upward,  in  all  the 
organs  tried.     Paldrock  obtained  a  fair  dilation  with  0.2  :  1000.. 

10.  Dlgitalln  and  dlgltaliB.  —  A  1 5  per  cent  tincture  of  digitalis 
added  to  blood  in  the  proportion  of  l  per  cent  (equals  0.15  per  cent 
of  digitalis),  caused  a  prompt  and  very  marked  decrease  of  the 
vein  flow  and  oncometer  in  a  kidney  which  had  been  excised  six 
hours.  The  action  was  removed  at  once  by  chloral.  A  2  per  cent 
dilution  of  the  tincture  in  l  per  cent  NaCl  (equals  0.3  per  cent  of 
digitalis)  very  greatly  diminished  the  flow  through  an  amputated 
leg,  four  hours  after  death. 

Two  samples  of  digitalin,  diluted  with  two  per  cent  NaCl  were 
tried.  One  of  the  samples  was  perfused  through  six  kidneys  for 
forty  minutes  in  the  concentration  of  i  :  5000,  The  results  were 
entirely  negative.  The  same  sample  was  also  perfused  for  forty 
minutes  through  six  kidneys  in  the  concentration  of  r  :  1000,  In 
all  of  these  perfusions  the  ureter  flow  and  oncometer  remained 
unchanged,  but  the  vein  flow  showed  a  slight  and  doubtful  decrease 
in  four. 

The  other  sample  was  perfused  through  one  kidney  in  the  con- 
centration of  I  :  50,000  and  through  five  as  1  :  10,000,  in  2  per 
cent  NaCl.  Practically  all  of  these  showed  a  moderate  but  dis- 
tinct decrease  of  the  vein  and  ureter  flow  and  oncometer. 

Conclusions.  —  Digitalis  causes  a  prompt  and  marked  vascocon- 
striction  in  concentrations  of  0.15  per  cent  for  at  least  six  hours 
after  excision.    Active  samples  of  digitalin  produce  a  distinct  vaso- 
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constriction  even  in  2  per  cent  NaCl  solution,  in  concentration  as 
low  as  I  :  50,000.  Another  sample  of  dig^talin  in  2  per  cent  NaCl 
was  found  practically  ineffective  in  a  concentration  of  i  ;  1000. 

Kobert  obtained  a  marked  constriction  with  digitaljn  in  a  con- 
centration of  I  :  200,000,  and  SakusofE  with  a  dilation  as  great  as 
I  :  1.000,000. 

11.  Ergot.  — The  following  perfusions  were  tried  with  two  dif- 
ferent fluid  extracts,  the  activity  of  which  on  blood  pressure  had 
been  proved  on  intact  animals.' 

Od  kidn^B.  — 

Two  perfusions  of  »  pet  cent  in  diluted  blood  :  negative. 

One  perfusion  of  i  per  cent  in  diluted  blood  :  slight  increase  of  vein  and 

oncometer. 
Two  perfusions  of  o.z  per  cent  in  diluted  blood  :  slight  decrease  of  vein 

and  oncometer  in  one,  the  other  negative. 
One  perfusion  of  0.08  per  cent  in  diluted  blood  (wann)  :  negative. 

One  perfusion  of  a  per  cent  in  diluted  blood  :  slight  doubtful  increase. 

One  perfusion  of  3  per  cent  in  i  per  cent  NaCl :  negative. 

One  perfusion  of  0.4  per  cent    in  i  per    cent    NaCl:    slight   doubtful 

increase. 
One  perfusion  of  0.08  per   cent  in    i    per  cent  NaCl :    slight    doubtful 

decrease. 
On  int«atlnea.  — 

One  perfusion  of  0.2  per  cent  in  diluted  blood:  negative. 

One  perfusion  of  o.i  per  cent  in  djiuted  blood :  negative. 

One  perfusion  of  0.16  per  cent  in  diluted  blood  (warmed)  :  negative. 

One  perfusion  of  0.12  percent  in  diluted  blood  (warmed)  :  negative. 

One  perfusion  of  0.03  per  cent  in  diluted  blood  (warmed) :  negative. 

On  Bpl«MM.  — 

One  perfusion  of  o.  16  percent  in  diluted  blood  (wanned):  slight  increase 

of  vein  and  decrease  of  oncometer. 
Two  perfusions  of  0.08  per  cent  in  diluted  blood  (wanned)  ;  one  slight 

increase  of  vein,  the  other  slight  increase  of  oncometer. 

Concltisions.  —  In  most  of  the  experiments  the  effect  was  quite 
negative,  and  in  the  others  it  was  so  small  and  variable  that  it  may 
also  be  considered  negative,  although  many  of  the  perfusions  were 
made  under  the  best  conditions.     The  vessels  of  these  organs  re- 

'  SoLLMANN  and  Brown:  Journal  of  the  American  Medical  Association, 
1905,  xlv,  p,  Z39. 
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sponded  normally  to  such  drugs  as  adrenalin,  digitalis,  chloral,  and 
tarium  chloride.  It  must  be  concluded  that  ergot  has  no  peri- 
pheral action  on  the  vessels  in  the  dog. 

la.  Fornuddchyde.  —  Six  perfusions  of  kidneys  for  forty  minutes 
with  I  ;  looo  solution  in  2  per  cent  NaCl  were  entirely  negative, 
although  mercuric  chloride  was  very  effective  on  the  same  kidneys, 
either  after  (three  cases)  or  before  (one  case)  the  formaldehyde. 

13.  H7dTastiula  hydrochloride.  —  This  was  perfused  through  re- 
cently excised  kidneys  in  the  concentration  of  i  :  5000,  dissolved 
in  diluted  blood  in  two  experiments,  and  in  i  per  cent  NaCl  in 
four  experiments.  The  blood  perfusions  were  quite  negative,  and 
with  the  others  the  effects  were  so  small  and  variable  that  they 
should  also  be  classed  as  negative;  if  anything,  they  tended  to 
decrease  the  vein  flow  and  oncometer. 

These  negative  results  contradict  the  experiments  of  Bunge,  who 
found  marked  increase  in  beef's  kidneys  with  concentrations  of 
I  :  1,000,000  to  I  :  10,000. 

14.  HydraatiB.  —  A  filtered  I  per  cent  solution  of  the  fluid  ex- 
tract in  I  per  cent  NaCl  was  perfused  through  four  kidneys. 
Three  of  these  showed  a  fair  increase  of  the  vein  and  ureter  flow, 
with  a  much  lesser  increase  of  the  oncometer.  The  fourth  kidney 
gave  twice  some  decrease  of  the  vein  and  ureter  flow,  with  little 
change  of  the  oncometer ;  this  was  followed  by  increase  when  the 
unpoisoned  NaCl  was  resumed.  It  appears,  therefore,  that  hy- 
drastis  produces  some  vasodilation,  situated  rather  distaily. 

16.  Hydrocyanic  acid.  —  This  was  used  in  the  proportion  of 
1 :  2500  in  the  following  experiments : 

On  living  kidneys,  in  diluted  blood ;  five  perfusions ;  all  show  a  large 
increase  of  vein  and  ureter  flow  and  oncometer. 

On  living  kidneys,  in  i  per  cent  NaCl ;  five  perfusions  ;  four  showed  the 
usual  increase,  one  is  not  affected. 

On  kidneys  injured  by  the  previous  perfusion  of  0.3  per  cent  sodium 
fluoride  for  about  an  hour ;  three  perfusions  in  diluted  blood ;  one 
shows  a  good  effect,  the  other  two  none.  One  perfusion  in  i  per 
cent  NaCl,  fair  effect. 

On  kidneys  injured  by  the  previous  perfusion  of  3  per  cent  NaCl  for 
one  to  one  and  a  half  hours  :  Two  perfusions  in  diluted  blood  :  one  fair 
efTect,  the  other  poor  effect.    One  perfusion  in  z  per  cent  NaCl ;  no  effect. 

On  living  kidneys  in  diluted  Wood  containing  1.6  per  cent  NaCl; 
two  perfusions  ;  no  efiect. 


Digitized  by  Google 


Perfusion  Experiments  on  Excised  Kidneys.  45 

On  kidneys  two  days  after  excision;  two  perfusions  in  diluted  blood ; 
appareotly  some  effecL  Three  perfusions  in  i  per  cent  MaCl;  no 
"      effect 

Two  perfusions  of  a  leg  in  i  per  cent  NaCl  appeared  to  show  some 
increase  of  vein  flow. 

Three  perfusions  of  a  thyroid  gland  in  i  per  cent  NaCl  produced  no 
effect. 

Concludons.  —  The  perfusion  of  a  i  :  2500  solution,  in  either 
blood  or  one  i  per  cent  NaCl,  causes  almost  invariably  a  very 
marked  increase  of  the  vein  and  ureter  flow  and  oncometer,  when 
the  perfusion  is  made  through  living  kidneys.  Injury  by  0.3  per 
cent  NaF  or  by  2  per  cent  NaCl  generally  abolishes  the  reaction. 
It  is  absent  in  dead  kidneys.  It  is  at  once  removed  by  adrenalin. 
The  response  of  organs  other  than  the  kidneys  needs  fiuiher 
investigation. 

16.  JunipM  oil  —  Six  perfusions  were  made  with  a  saturated 
solution  in  i  per  cent  NaCl.  Four  of  these  showed  a  marked 
increase  of  the  vein  and  ureter  flow,  and  two  as  marked  a  de- 
crease. The  changes  in  the  oncometer  were  small,  but  tended  in 
the  same  direction.  Recovery  occurred  promptly.  In  five  per- 
fusions of  a  saturated  solution  in  2  per  cent  NaQ  the  results  were 
quite  negative. 

The  exact  opposition  of  the  results  for  the  i  per  cent  NaCl 
makes  it  unsafe  to  draw  any  conclusions ;  but  in  2  per  cent  NaCl 
there  are  certainly  no  effects. 

17.  Karcnric  chloride.  —  This  was  tried  in  I  :  looo  solution  in 
2  per  cent  NaCl,  in  six  perfusions.  It  caused  in  every  case  an 
immediate  and  conspicuous  diminution  of  the  vein  flow,  and  prac- 
tically arrested  the  ureter  flow.  There  was  no  recovery  after  an 
hour's  perfusion  with  unpoisoned  NaCl  soluticm.  The  oncometer 
was  variable,  being  markedly  decreased  in  two  and  slightly  in- 
creased in  two.  In  those  cases  in  which  it  fell,  it  recovered  under 
NaCI,  and  in  one  experiment  it  rose  markedly  above  the  normal. 
These  effects  also  occurred  after  formaldehyde  (i  :  1000). 

There  has  evidently  been  an  obstruction  of  the  vessels,  and  it 
remains  to  decide  whether  this  is  due  to  coagulation  of  proteid 
within  the  lumen  of  the  vessels,  or  to  astringent  action  on  the  vas- 
cular walls,  perhaps  with  loss  of  elasticity. 

Several  facts  speak  strongly  against  the  view  that  it  was  due 
to  intravascular  coagulation.     The  effect  occurred  even  when  the 
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vessels  had  been  flushed  during  five  and  one-half  hours,  so  that 
scarcely  any  blood  could  have  remained.  A  precipitate  shcmld  be 
washed  out  during  the  hours'  subsequent  perfusion,  so  that  recovery 
should  occur.  The  oncometer  would  be  markedly  increased  by 
obstruction  through  a  precipitate.  It  must  therefore  be  concluded 
that  the  action  is  due  to  the  coagulation  of  the  vessel  walls  and 
perhaps  of  the  filtration  membrane. 

18.  Nitrite  of  Bodinm.  —  A  1  :  looo  solution  in  2  per  cent  NaCl 
was  perfused  through  two  kidneys  for  fifteen  and  thirty  minutes. 
The  effect  on  vein  flow  and  oncometer  was  negative.  (Sakusoff 
found  dilation  with  0.25  to  0.5  per  cent.) 

le.  p»ptone-Witt«.  —  Two  perfusions  were  made  with  a  i  :  loo 
solution  in  one  per  cent  NaCl.  The  series  is  too  small  for  definite 
conclusions,  but  the  results  were  certainly  not  marked.  The  vein 
flow  was  unchanged,  the  ureter  flow  seemed  somewhat  increased, 
and  the  oncometer  slightly  decreased.  (On  beef's  kidneys  Thomp- 
son observed  a  definite  but  slight  increase  with  concentrations  of 
0,08  and  0.33  per  1000.) 

80.  Kcrlc  add.  —  This  series  comprises  five  perfusions  of  I  in 
10,000  of  2  per  cent  NaCl;  eleven  perfusions  of  i  in  1000  of 
2  per  cent  NaCl ;  and  two  perfusions  of  dead  kidneys  with  i  :  1000 
of  I  per  cent  NaCl.  In  practically  every  case  there  was  a  very 
marked  diminution  of  the  vein  flow  and  oncometer,  and  a  still 
more  conspicuous  decrease  of  the  ureter  flow.  The  effect  started 
promptly,  but  progressed  slowly.  The  i  :  10,000  solution  produced 
very  noticeable  changes,  but  these  were  exag^rated  when  i  :  1000 
was  substituted.  The  effects  occurred  after  perfusion  with  sodium 
fluoride  (i  :  lOOo).  They  were  as  conspicuous  if  the  kidney  had 
been  flushed  with  the  2  per  cent  NaCl  solution  for  hours  as  they 
were  shortly  after  excision.  There  was  little  or  no  recovery  when 
unpoisoned  NaCl  solution  was  perfused,  even  when  the  picric  acid 
had  only  flowed  for  ten  minutes. 

Conclusions.  —  There  is  evidently  an  obstruction,  the  action 
being  strictly  analc^ous  to  that  of  mercuric  chloride,  which  see. 

21.  Sftponin.  —  Four  perfusions  were  made  with  crude  quillaja 
saponin  (Merck),  1  ;  10,000  of  2  per  cent  NaCl.  These  showed 
the  same  eff^ts,  namely,  a  fairly  large  increase  of  vein  flow,  a  very 
considerable  decrease  of  ureter  flow,  and  very  slight  changes  in 
the  oncometer,  —  perhaps  a  tendency  to  increase.  Succeeding  per- 
fusion with  a  I  :  1000  solution  had  little  further  effect.  There 
was  but  little  recovery  on  perfusing  unpoisoned  NaCl  solution. 
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These  phenomena  indicate  a  widening  of  the  blood  channels 
especially  toward  the  proximal  side,  tc^ether  with  a  lesser  per- 
meability of  the  glfttnerular  capillaries  to  filtration, 

22.  Suifocjruiide  of  ■odium. —  This  was  negative  in  two  perfu- 
sions with  a  I  :  10,000  and  in  eight  perfusions  with  a  i  :  1000 
solution,  both  in  2  per  cent  NaCl. 

Discussion. 

The  principal  results  of  these  experiments  are  presented  in 
schematic  form  in  Table  I. 

With  every  drug,  except  saponin,  the  vein  and  ureter  flow  and 
oncmneter  vary  in  the  same  directicm,  indicating  that  the  effects 
are  essentially  vascular,  and  emphasizing  that  the  ureter  flow  in 
excised  kidneys  depends  mainly  upon  the  glomerular  pressure.  In 
every  case  the  effects  are  essentially  similar  whether  the  perfusing 
fluid  is  blood  or  saline  solution,  which  again  points  to  a  vascular 
rather  than  an  epithelial  action.  However,  the  response  is  often 
weaker  in  the  saline  solution,  and  Is  more  or  less  diminished  by 
all  injurious  agencies.  Two  per  c^t  sodium  chloride  practically 
abolishes  the  reaction  to  all  but  the  most  powerful  poisons,  such  as 
saponin,  arsenic,  mercuric  chloride,  and  picric  acid.  The  last  two, 
and  perhaps  also  the  arsenate  of  sodium,  probably  act  by  coagulat- 
ing the  protoplasm ;  but  it  is  remarkable  that  formaldehyde  has 
no  effect. 

The  following  poisons  caused  vasodilation  and  increase  of  ureter 
flow: 

Chloral  Hydrocyanic  acid 

Hydrastis  Juniper  * 

The  following  caused  vasoconstriction  and  decrease  of  ureter 
flow: 

Adrenalin  Digitalis 

Arsenate  of  sodium  Mercuric  chloride 

Picric  acid 

The  following  were  practically  ineffective  in  the  concentrations 
used: 

Alcohol  Carbon  dioxide  Formaldehyde' 

Caffcin  Carbon  monoxide  Hydrastinin  * 

Canthariditi  Ergot'  Sulfocyanide  of  sodium, 

*  Indicates  that  the  results  are  not  quite  conclusive. 


Digitized  byGoOgIc 


Torald  SoUmann  and  R.  A.  Hatcher. 


Digitized  by  Google 


Perfusion  Experiments  on  Excised  Kidneys.  49 


I  n 


1   11 


Diaiiizedb,  Google 


48  Torald  Sollmann  and  R.  A.  Hatcher. 


Digitized  by  Google 


Perfusion  Experiments  on  Excised  Kidneys.  49 


Digitized  by  Google 


50  Torald  Solltnann  and  R.  A.  Hatcher. 

The  effects  of  adrenalin  and  digitalis  are  strictly  comparable 
with  those  produced  in  living  animals;  the  effects  of  picric  acid 
and  mercuric  chloride  would  also  presumably  be  identical  if  the 
same  conditions  could  be  reproduced.  It  is  rather  remarkable 
that  the  characteristic  effects  of  arsenic,  caffein,  cantharidin,  and 
juniper  were  not  reproduced  in  the  excised  kidneys.  It  would 
seem,  therefore,  that  these  drugs,  to  produce  these  characteristic 
effects,  either  require  the  connection  of  the  kidneys  with  the  gen- 
eral circulation  or  central  nervous  system,  or  else  that  they  do  not 
act  by  modifying  the  renal  circulation,  but  produce  their  effects 
directly  on  the  renal  epithelium.  The  actions  of  the  other  drugs 
on  the  blood  vessels  and  kidneys  of  living  animals  are  not  suffi- 
ciently well  ascertained  to  make  a  comparison  with  our  results 
profitable. 
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THE  EFFECT  OF  VAGUS  INHIBITION  ON  THE 
OUTPUT  OF  POTASSIUM  FROM  THE  HEART. 

By  W.  H.  HOWELL  and  W.  W.  DUKE. 

[Fram  the  Physiological  Laboralory,  ynhtu  Hopkini  Univrrsity,  Ballimirrt,  U.  S.  A.] 

TN  a  previous  paper  one  of  us  has  advanced  the  hypothesis  that 
■*■  the  vagus  fibres  of  the  heart  "  end  in  what  may  be  designated  as 
an  inhibitory  substance  which,  under  the  influence  of  the  vagus  im- 
pulses, is  dissociated  with  the  liberation  of  potassium  compounds 
to  which  the  phenomenon  of  inhibition  is  directly  due,"  '  To  test 
this  hypothesis,  namely,  that  the  phenomenon  of  vagus  inhibition 
is  at  bottom  a  case  of  potassium  arrest,  the  present  authors  have 
attempted  to  determine  directly  the  influence  of  repeated  stimula- 
tion of  the  vagus  upon  the  potassium  output  in  the  mammalian 
heart.  For  this  purpose  the  heart  was  isolated,  in  di^s,  rabbits 
and  cats,  and  kept  beating  upon  a  large  supply  of  Locke's  solution, 
fed  to  the  heart  through  the  coronary  arteries  under  oxygen  pres- 
sure. From  time  to  time  the  circulation  of  the  stock  liquid  was 
suspended  and  the  heart  was  inhibited  for  one-half  minute  to  a 
minute  by  stimulation  of  the  vagus  in  the  neck,  or,  as  was  fre- 
quently necessary,  by  stimulation  of  a  branch  from  the  level  of  the 
inferior  cervical  ganglion  on  the  right  side.  At  the  end  of  the 
stimulation  the  heart  was  washed  out  through  its  corcmary  arteries 
by  a  special  supply  of  the  circulating  liquid,  amounting  to  75  to 
100  c.c.  The  vagus  fibres  were  stimulated  as  often  as  they  con- 
tinued to  give  a  visible  inhibition  of  the  auricles,  that  is,  in  the 
different  experiments,  from  five  to  twenty  times,  and  after  each 
inhibiti(»i  the  heart  was  irrigated  by  the  same  special  supply  of 
circulating  liquid.  At  the  end  of  the  experiment  samples  were 
taken  of  the  circulating  liquid  which  had  passed  opce  through  the 
unstimulated  heart,  and  of  the  special  supply  which  had  been  cir- 
culated repeatedly  through  the  heart  after  inhibition,  and  these 
samples  were  analyzed  for  their  content  in  potassium.     Control 

*  Howell,  W.  H.  :  This  jouTnal,  1906,  xv,  p.  aSo.     See  also  Martin:  This 
journal,  1904,  x\,  p.  370,  and  Botazzi  :  Archives  de  physiologie,  1896,  p.  88z. 
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experiments  were  made  in  which  precisely  the  same  procedure  was 
followed,  except  that  the  heart  was  not  stimulated,  or  was  stimu- 
lated through  the  accelerator  nerves,  and  samples  for  analysis  were 
taken  of  the  stock  liquid  which  had  passed  once  through  the  heart, 
and  of  the  special  supply  which  had  been  irrigated  eight  or  more 
times  through  the  heart.  In  determining  the  potassium  in  the 
samples  taken  for  analysis  the  method  proposed  by  Cameron  and 
Failyer  *  was  employed.  The  method  consists  in  destroying  the 
organic  matter  and  driving  off  the  ammonia  by  incineration,  the 
conversion  of  the  potassium  and  sodium  salts  into  the  correspond- 
ing chlorplatinates,  the  removal  of  the  sodium  chlorplatinate  by 
washing  with  alcohol,  and  finally  the  solution  of  the  remaining 
potassium  chlorplatinate  in  hot  water.  From  the  latter  salt  a  double 
iodide  of  platinum  and  potassium  is  formed  by  the  addition  of 
potassium  iodide  in  acid  solution.  The  double  iodide  gives  a  richly 
colored  red-purple  solution  in  which  the  amount  of  the  potassium 
contained  as  chlorplatinate  may  be  accurately  determined  by  c<md- 
parison  in  a  colorimeter  with  standard  solutions  formed  from  known 
amounts  of  potassium  chlorplatinate.  The  method  is  convenient 
and  yields  reliable  quantitative  results  provided  the  following  pre- 
cautions are  observed,  i.  The  process  of  incineration  should  be 
conducted  in  platinum  crucibles  or  dishes.  2.  In  the  conversion  of 
the'  incinerated  residue  to  chlorplatinates  the  addition  of  a  large 
excess  of  platinum  chloride  must  be  avoided,  and  care  must  be 
taken  in  evaporating  to  dryness  to  use  a  low  temperature.  3.  In 
washing  with  alcohol,  paper  or  asbestos  filters  should  not  be 
used ;  the  washing  must  be  conducted  by  centrifugalization  and 
decantation. 

Two  series  of  experiments  were  made.  In  the  first  series  of 
eight  experiments  the  quantity  of  potassium  was  not  determined 
by  comparison  with  standard  solutions,  but  the  relative  amounts 
of  potassium  were  estimated  in  the  colorimeter  by  comparison  of 
the  solution  which  had  passed  once  through  the  unstimulated  heart 
with  the  solution  which  had  been  irrigated  repeatedly  through  the 
inhibited  heart.  In  every  case  it  was  found  that  the  latter  solution 
contained  a  larger  amount  of  potassium.  In  five  control  experi- 
ments in  which  the  inhibitory  nerves  were  not  stimulated  a  similar 
increase  was  not  obtained.     The  solutions  prepared  from  the  two 

'  See  especially  Schreiner  and  Failyer,  Bulletin  31,  U-  S.  Department  of 
Agriculture,   1906. 
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samples  were  either  identical  in  color,  or  varied  so  slightly  in  one 
direction  or  the  other,  that  the  variation  fell  within  the  possible 
limits  of  error  of  the  method.  In  a  second  series  of  seven  experi- 
ments quantitative  estimations  of  the  amount  of  potassium  were 
made  by  comparison  with  standard  solutions  obtained  from  a  care- 
fully prepared  specimen  of  potassium  chlorplatinate.*  The  results 
of  these  analyses  are  given  in  the  following  table.     In  most  cases 


Amount 

inmgnn 

for  eachi^.c. 
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0.155 
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7 

90 
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6 

60 
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8 

80 
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0.167 
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ions  were  ineffective.                                                            | 
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0  collect  th 
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nount  irrigated  through  the  heart.     Moreover 

0  prevent i 

certain  a 
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after  each  irriga.t 
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on,  and  v 

ce  versa.     Undoubtedly  in  every  ejiperiment 

only  a  portion  of 

he  increase 

1  output  of  potassium  was  recovered.                                  1 

the  analyses  were  made  in  duplicate  with  closely  concordant  results. 
In  contrast  with  these  figures  are  the  results  obtained  from  three 
control  experiments  in  which  the  heart  was  irrigated  repeatedly 
with  the  same  small  supply  of  liquid,  but  without  stimulation  of 
the  vagus.  The  procedure  was  exactly  the  same  as  in  the  experi- 
ments with  vagus  stimulation.     One  of  these  controls  was  carried 

*  This  specimen  was  kindly  furnished  by  Prof.  J.  H.  Kastle  of  the  U.  S. 
Public  Health  and  Marine  Hospital  Service,  Washington,  D.  C. 
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out  after  a  vagus  experiment  had  been  performed  (June  7),  and 
one  before  a  vagus  experiment  {October  26), 

CONTROL  EXPERIMENTS 


Date. 

Number  of 
circulations. 

Quantily 

of 

liquid 

drcuUted 

in  milligrams. 

Increase  of 
[lota^ium  in  each 

C.C.  of  the 
circulating*  li  quid. 

After  one    ,  After  eight 
circulation.  .  circulations. 

June  7 
Oct.    1 
Oct.  26 

8 
8 
8 

75 

0.166       '        0.170 

0.143               0.143 

■     0.129       !        0.137 

0.004  or  2.4  per  cent 
0.008  or  6.Z  per  cent 

In  the  experiment  of  June  7,  the  previous  vagus  stimulation  had 
given  an  increase  of  0.023  mgrn.  per  c.c.  or  17  per  cent,  while  in  the 
experiment  of  October  26,  the  subsequent  vagus  stimulation  gave 
an  increase  of  0.038  mgm.  per  c.c,  or  29  per  cent.  These  results 
corroborate,  therefore,  the  previous  series  of  five  controls  in  which 
the  accelerator  nerves  alone  were  stimulated  and  in  which  there 
was  no  distinct  variation  in  the  potassium  contents  of  the  circulated 
liquid. 

It  seems  evident  from  these  experiments  that  stimulation  of  the 
vagus  nerve  in  the  mammalian  heart  causes  a  liberation  of  potas- 
sium from  the  heart  substance  in  a  diffusible  form.  Our  experi- 
ments have  indicated,  moreover,  that  this  output  of  potassium  occurs 
in  the  auricular  end  of  the  heart.  This  conclusion  was  forced  on 
us  first  by  the  fact  that  in  the  rabbit's  heart  the  vagus  nerve,  in  the 
isolated  heart,  retains  its  inhibitory  action  much  longer  than  in  the 
dog's  heart,  so  that  as  many  as  twenty  successive  inhibitions  of 
the  whole  heart  may  be  obtained  for  the  rabbit  while  seven  or  eight 
only  can  be  obtained  for  the  dog,  and  of  these  only  two  or  three 
affect  the  ventricle  as  well  as  the  auricle.  Nevertheless  in  the  single 
experiment  made  upon  the  rabbit,  the  increase  in  potassium  was 
very  small,  a  fact  which  was  attributed  to  the  small  mass  of  auric- 
ular tissue  in  this  animal  compared  with  the  large  volume  of  cir- 
culated liquid.  In  the  dog,  moreover,  only  the  first  two  or  three 
stimulations  caused  stoppage  of  the  ventricle  as  well  as  the  auricle, 
the  succeeding  stimuli,  applied  as  a  rule  to  a  branch  passing  from 
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the  inferior  cervical  ganglion,  to  the  heart,  on  the  right  side,  in- 
hibited only  the  auricles.  In  these  cases,  however,  the  increase  in 
potassium  was  well  marked.  The  failure  of  the  vagus  impulses  in 
these  latter  cases  to  stop  the  ventricle  also  is  to  be  attributed  to  the 
ready  assumption  of  an  independent  rhythm  by  the  ventricle,  when 
the  heart  beat  is  maintained  by  irrigation  with  a  solution  of  in- 
organic salts.  We  have  had  frequent  opportunities  of  noticing 
this  fact.  Our  experience  is  in  accord  with  the  general  belief  that 
the  vagus  impulses  affect  directly  only  or  mainly  the  auricular  end 
of  the  heart.  When  we  remember  that  the  auricular  tissue  weighs 
but  a  few  grams,  it  is  apparent  that  a  liberation  of  as  much  as  0.4 
to  0.5  mgm.  of  K  at  each  stimulus,  within  the  substance  of  the 
auricular  tissue  itself,  is  quite  sufficient  to  bring  on  a  condition  of 
potassiimi  inhibition.  For  the  reasons  stated  in  the  footnote  to 
Table  I,  it  is  more  than  probable  that  our  method  did  not  enable 
us  to  recover  all  the  potassium  liberated  by  the  vagus  stimulation, 
and  our  figures  are  therefore  minimal  rather  than  maximal  esti- 
mates of  the  amount  of  potassium  set  free  in  diffusible  form  at 
each  stimulation.  Experiments  on  the  isolated  heart  show  that 
when  the  content  of  the  circulating  liquid  in  potassium  approaches 
0.05  per  cent,  or  even  less,  the  heart  ceases  to  beat,  and  our  ex- 
periments indicate  that  such  a  concentration  of  potassium  may 
occur  in  the  auricular  tissue,  or  in  certain  parts  of  it,  during  vagus 
stimulation.  In  the  paper  previously  referred  to  and  in  a  subse- 
quent paper  by  the  present  authors,*  it  was  shown  that  the  inhibitory 
action  of  the  vagus  nerve  on  the  heart  is  markedly  favored  by  an 
increase  in  the  potassium  contents  of  the  circulating  liquid,  while 
on  the  other  hand  it  is  markedly  diminished  by  the  circulation  of 
a  liquid  containing  no  potassium,  or  indeed  may  fail  altogether 
under  this  last  condition.  Taking  these  facts  in  connection  with 
the  result  obtained  in  this  paper,  the  authors  feel  that  the  theoretical 
view  here  advanced,  namely,  that  the  vagus  stops  the  heart  by 
causing  the  liberation  of  diffusible  potassiimi  from  some  indif- 
fusible  compound  normally  present  in  the  heart  tissue,  has  a  con- 
vincing amount  of  evidence  in  its  favor.  The  view  commonly 
taught  of  the  nature  of  vagus  inhibition,  namely,  that  it  is  due  to 
the  setting  up  of  synthetic  or  assimilatory  processes  within  the 
heart  substance,  while  it  is  conceivable,  has  little  or  nothing  in  the 
nature  of  positive  evidence  to  support  it.     The  energy  transmitted 

*  Howell  and  Duke,  Journal  of  Physiology,  1906,  xxxv,  131. 
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as  a  nerve  impulse  cannot,  so  far  as  our  actual  knowledge  goes,  be 
utilized  to  perform  the  chemical  work  of  synthesis.  This  function 
is  fulfilled  most  probably  by  the  heat  energy  liberated  by  the  oxi- 
dative changes  in  the  tissue,  and  such  changes  are  characteristic 
of  the  nerve  impulses  which  excite  functional  catabolism  rather 
than  of  the  inhibitory  impulses.  We  conceive  that  the  inhibitory 
impulses,  like  the  motor  or  excitatory  impulses,  act  as  a  liberating 
stimulus  which  sets  up  changes  of  dissociation,  but  this  dissociation 
is  of  such  a  character  that  diffusible  potassium  is  set  free  and 
through  its  action  the  functional  catabolism  is  inhibited. 

The  authors'  conclusion  that  the  increase  in  potassium  in  the 
circulating  liquid  observed  after  stimulation  of  the  vagus  is  due 
to  an  increased  output  of  potassium  from  the  heart  may  be  criti- 
cised upon  several  grounds.  So  far  as  we  can  see  the  following 
possible  objections  might  be  made.  The  increase  may  have  been 
due  to  evaporaticMi  occurring  in  the  repeated  transfer  of  the  liquid 
from  one  receiver  to  another ;  it  may  have  resulted  from  diffusion 
with  the  liquids  of  the  heart  tissue  possibly  richer  in  diffusible 
potassium  than  the  circulating  liquid,  or  it  may  have  occurred 
because  the  action  of  the  vagus  fibres  caused  an  absorption  of 
water,''  Each  of  these  explanations  on  examination  is  found  to 
be  insufficient  to  account  for  the  results  obtained.  To  determine  the 
effect  of  evaporation  alone  several  determinations  of  the  specific 
gravity  of  the  liquid  used  were  made  at  the  beginning  and  the  end 
of  an  experiment.  The  determinations  were  made  with  a  pyknom- 
eter  and  gave  such  results  as  the  following.  Experiment  of 
June  7 : 

Weight  of  flask  filled  with  stock  liquid 26.6877  gm. 

Weight  of  flask  alone 7.8366     " 

Weight  of  liquid Ts.Ssit     " 

Weight  of  flask  filled  with  liquid  after  eight  circulations  .     .    .     26.6900    " 

Weight  of  flask        7.8366     " 

Weight  of  liquid       18.8534    " 

The  gain  in  weight  of  this  volume  of  liquid,  as  a  result  of  eight 
circulations  through  the  heart  was  therefore  2.3  mgm.  Since 
the  capacity  of  the  pyknometer  was  equal  to  18.7  cc,  the  total 
increase  for  the  90  cc.  used  in  this  experiment  was  equal  to 
*  This  last  suggestion  was  made  to  the  authors  by  Professor  Mekoel. 
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90/18.7  X  2.3  or  II  mgm.  If  we  assume  that  this  increase  was 
due  solely  to  evaporation,  the  proportional  increase  in  the  potas- 
sium would  be  equal  to  0.138  mgm.,  since  in  the  mixture  used  the 
potassium  chloride  constituted  2.3  per  cent  of  the  total  solid  con- 
stituents. As  a  matter  of  fact  the  total  increase  in  potassium 
found  in  this  experiment  was  equal  at  least  to  2.07  mgm.  Simi- 
lar results  were  obtained  in  the  other  experiments  in  which  the 
pyknometer  was  used.  With  regard  to  the  second  objection,  namely, 
that  the  circulating  liquid  was  enriched  with  potassium  by  diffu- 
sion from  the  heart  tissue,  it  is  to  be  remembered  in  the  first  place 
that  the  heart  was  always  perfused  with  a  litre  or  more  of  the 
circulating  liquid  before  the  experiment  upon  stimulation  of  the 
vagus  nerve  was  begun.  It  is  probable,  therefore,  that  by  the  time 
that  the  special  supply  was  turned  into  the  heart,  an  equilibrium 
had  been  established  between  the  circulating  liquid  used  and  the 
heart  liquids,  in  r^ard  to  the  easily  diffusible  constituents.  More- 
over, in  the  control  experiments  in  which  the  heart  was  perfused 
a  number  of  times  with  a  small  supply  of  the  circulating  liquid 
without  stimulation  of  the  vagus  nerve,  no  such  increase  in  potas- 
sium was  observed.  In  some  of  these  experiments  the  quantity 
of  potassium  was  unchanged ;  in  some  it  showed  a  slight  decrease, 
and  in  others  a  slight  increase,  the  maximal  result  of  this  latter 
kind  being  an  increase  of  6.2  per  cent,  whereas  in  the  vagus  ex- 
periment on  the  same  heart  the  increase  was  equal,  at  the  least,  to 
29  per  cent.  With  regard  to  the  third  objection,  namely,  that  the 
vagus  stimulation  may  cause  an  absorption  of  wAer  and  thereby 
increcise  the  percentage  of  potassium,  the  pykncaneter  determina- 
tions, referred  to  above,  are  perhaps  sufficient  to  show  that  such 
an  explanation  of  the  results  obtained  is  entirely  inadequate.  The 
circulating  liquid,  in  the  experiment  of  June  7,  for  example,  con- 
tained 1. 07  gm.  of  material  to  each  100  c.c.  The  potassium  in  this 
liquid  was  Increased  hy  17  per  cent  as  the  result  of  vagus  stimula- 
tion. If  we  assume  that  this  increase  was  due  to  an  absorption 
of  water  which  should  affect  alike  the  concentration  of  all  the 
substances  in  solution,  then  the  total  increase  for  these  solids  would 
have  been  from  1.07  to  1.252  gm.,  that  is,  an  increase  of  182  mgm. 
to  each  100  c.c.  or  1.82  mgm.  to  each  c.c.  According  to  the  pyknom- 
eter determinations,  however,  the  total  increase  in  concentration 
for  each  c.c.  was  equal  only  to  0.123  nigm.  Moreover  quantitative 
estimations  of  some  of  the  other  constituents  in  the  solution  showed 
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conclusively,  that  there  was  no  such  increase  in  concentration,  as 
must  have  followed,  if  there  had  been  sufficient  absorption  of  water 
to  raise  the  ccmcentration  of  potassium  to  17  per  cent  or  more. 
As  stated  below,  the  dextrose  showed  always  a  small  decrease  in 
concentration,  and  the  calcium,  so  far  as  could  be  determined  by 
the  method  used,  was  not  changed, 

Tlie  efibot  of  VEigiu  luhlbltloii  on  the  ootoluni  contanta  of  tbo  cteonlatlDK 
Uqnld,  —  It  was  our  original  intention  in  planning  this  series  of 
experiments  to  determine  both  the  potassium  and  the  calcium  con- 
tents of  the  circulating  liquid  after  stimulation  of  the  vagus  and 
of  the  accelerator.  The  method  used  for  determining  the  calcium, 
which  is  described  briefly  below,  did  not,  however,  prove  to  be 
sufficiently  sensitivj  for  our  purpose.  The  minimal  variation  which 
could  be  detected  with  certainty  amounted  to  15  to  20  per  cent. 
Within  this  limit  no  change  in  the  calcium  could  be  detected  as  a 
result  of  vagus  inhibition,  but  the  authors  propose  to  continue  this 
part  of  the  work  both  for  the  accelerator  and  vagus  nerves,  making 
use  of  a  more  delicate  method  for  the  determination  of  the  calcium. 

Methods. 

The  operation  for  laolatiiiK  the  b«art. — The  anaesthetized  animal  was 
tracheotomized  and  connected  with  an  ether  bottle.  The  operation  was  then 
performed  in  the  following  steps :  the  upper  portion  of  the  sternum  and  the 
adjacent  first  ribs  were  resected  and  the  internal  mammary  arteries  were 
ligated  ;  the  ribs  on  both  sides  were  cut  away  so  as  to  open  freely  the  thoracic 
cavity;  the  brachio- cephalic  artery  was  exposed  and  3  cannula  was  inserted 
into  it  to  be  used  subsequently  for  the  inflow  of  the  circulating  liquid ;  the  left 
subclavian  artery  was  ligated  at  its  origin  from  the  aorta,  and  a  ligature  ready 
for  tying  was  laid  round  the  aorta  above  the  origin  of  the  first  intercostal  arte- 
ries ;  the  aorta  was  cut  below  this  last  ligature  and  while  the  animal  was  bleed- 
ing the  supply  of  circulating  (Locke's)  liquid  was  turned  on  under  moderate 
pressure  through  the  cannula  placed  in  the  brachio-cephalic  artery ;  after  suf- 
flcieot  time  had  been  allowed  for  the  washing  out  of  the  blood  in  the  heart  and 
aorta,  the  ligature  round  the  aorta  was  tied,  and  thenceforward  the  supply  of 
circulating  liquid  passed  through  the  coronary  arteries  alone  ;  the  inferior  vena 
cava  was  then  opened  widely  to  give  an  outlet  to  the  coronary  circulation  and 
the  azygos  vein  and  the  superior  cava  were  ligated.  To  prevent  an  outflow 
from  the  pulmonary  artery  into  the  lungs,  stout  ligatures  were  tied  round  the 
roots  of  the  lungs  close  to  the  heart.  Finally  the  pericardium  was  opened 
along  the  ventral  surface  of  the  heart,  and  for  convenience'  sake  the  permanent 
outflow  cannula  was  inserted  into  the  superior  vena  cava,  the  inferior  cava 
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being  ligated  close  lo  the  heut.  The  outflow  cannula  was  thrust  down  far 
enough  to  lie  within  the  right  ventricle,  and  it  was  provided  with  lateral  open- 
ings at  the  level  of  the  right  auricle.  After  the  completion  of  these  operations 
the  vagus,  or  the  accelerator  nerve,  was  prepared  for  stimulation,  while  the 
heart  was  beating  upon  the  artificial  circulation.  I'his  method  of  isolating  the 
heart  succeeds  in  practically  all  cases  with  dogs,  cats  or  rabbits,  the  only  ani- 
mals used  in  these  experiments.  With  the  circulating  liquid  employed,  the 
isolated  heart  beats  very  well  indeed  for  a  number  of  hours,  provided  the  aortic 
valves  prove  competent  for  the  pressure  used,  and  protect  the  left  auricle  and 
ventricle  from  over-distension. 

The  otrcnlatliig  liquid. —  As  in  our  former  experiments  the  circulating 
liquid  was  made  up  approximately  according  to  the  following  formula. 

NaCI 0,9     *  per  cent 

KCl 0.025  "     " 

CaCl, 0.023  "     " 

NaHCO, 0.02  ■'    " 

Dextrose o.io         "     " 

In  some  cases  the  amount  of  calcium  chloride  was  increased,  and  in  some 
of  the  experiments  the  amount  of  potassium  chloride  was  varied.  The  circulat- 
ing liquid  was  saturated  with  oxygen  and  was  driven  into  the  heart  under 
oxygen  pressure.  The  pressure  under  which  the  liquid  entered  the  heart  was 
determined  by  a  mercury  manometer  attached  to  the  inflow  tube.  Expe- 
rience showed  that  the  heart  beat  best  when  not  fed  under  too  high  a  pressure. 
Instead  of  imitating  the  normal  aortic  pressure  of  roo  to  150  mm.  mercury, 
the  circulation  was  usually  maintained  under  a  pressure  of  from  40  to  60  mm. 
of  mercury.  An  adequate  supply  of  oxygen  in  the  circulating  liquid  seems  to 
be  quite  essential  for  a  successful  experiment  with  the  mammalian  heart. 

Conduct  of  an  experiment. —  The  circulating  liquid  was  contained  in  two 
reservoirs  both  of  which  were  kept  immersed  in  a  large  tank  of  water  main- 
tained at  a  constant  temperature  of  370  C.  One  reservoir  was  large,  holding 
about  eight  litres,  and  served  as  the  stock  solution  on  which  the  heart  was  kept 
beating,  except  during  the  short  periods  in  which  the  nerves  were  being  stimu- 
lated. The  other  reservoir  was  small  with  a  maximum  capacity  of  150  c.c. 
The  liquid  in  this  reservoir,  usually  from  75  to  100  c.c,  was  run  through  the 
heart  after  each  stimulation  of  the  nerve.  The  method  of  procedure  was  as 
follows.  When  the  nerve  (vagus  or  accelerator)  was  to  be  stimulated,  the 
supply  of  circulating  liquid  was  shut  off,  and  the  heart  was  allowed  to  drain 
itself  as  far  as  possible.  The  beat  of  the  heart  was  not  interfered  with  by  this 
temporary  cessation  of  the  circulation.  After  draining  for  a  few  seconds  the 
nerve  was  stimulated,  usually  for  a  minute,  and  then  the  circulating  liquid  from 
the  small  reservoir  was  run  through  the  heart,  and  the  outflow  was  caught  in  a 
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special  receiver.  After  the  heart  had  been  washed  out  by  this  supply,  it  was 
again  allowed  to  drain  for  a  few  moments,  and  then  the  stock  supply  was  turned 
on  and  continued  until  the  next  stimulation  of  the  nerve.  In  this  way  ihe 
special  supply  of  liquid  in  the  small  receiver  was  run  through  the  heart  a  num- 
ber of  times,  five  to  twenty.  At  the  end  of  the  experiment  samples  of  this 
supply,  and  of  the  stock  liquid  which  had  been  passed  once  through  the  heart 
were  taken  for  analysis.  It  may  be  stated  that  the  circulating  liquid  remained 
water  clear,  no  matter  how  often  it  had  been  passed  through  the  heart,  pro- 
vided the  latter  had  been  thoroughly  washed  out  in  the  beginning  of  the  experi- 
ment. It  contained,  however,  a  minute  amount  of  protein  material,  as  shown 
by  the  fact  that  a  slight  opalescence  developed  on  boiling.  It  was  noteworthy 
also  that  liquid  which  had  passed  through  the  heart  one  or  more  times  devel- 
oped bacteria  readily  upon  standing  in  a  warm  room,  whereas  the  original 
liquid  remained  clear. 

StlmulBtlon  of  tlie  neire.  — The  vagus  nerve  was  stimulated  at  first  in  Ihe 
neck.  In  all  cases  [he  effect  for  the  first  two  or  three  stimulations  was  a  dis- 
tinct inhibition  of  the  heart,  the  inhibition  in  fact  was  complete  except  in  the 
case  of  the  cat.  With  rabbits  this  portion  of  the  vagus  continued  to  give  com- 
plete inhibition  of  the  heart  for  a  couple  of  hours,  during  which  it  was  stimu- 
lated as  many  as  twenty  times.  In  the  dog,  however,  the  cervical  portion  of 
the  vagus  lost  its  effect  after  two  or  three  stimulations.  If  the  electrodes  were 
then  applied  to  a  branch  springing  from  the  inferior  cervical  ganglion  on  the 
right  side,  it  was  usually  possible  to  obtain  live  or  six  additional  inhibitions 
which  affected  the  whole  heart  or  the  auricles  alone.  Stimulation  of  the  nerve 
below  the  inferior  cervical  ganglion  on  the  left  side  was  ineffective  after  the 
cervical  portion  of  the  vagus  had  ceased  to  respond. 

Blethoda  of  analyslE.  —  The  solutions  circulated  through  the  heart  were 
analyzed  for  their  contents  in  potassium  and  calcium,  and  in  some  cases  also 
for  the  dextrose.  For  the  latter  substance  Pavy's  method  was  used  and  gave 
excellent  results.  As  stated  above  the  solution,  after  it  had  passed  through 
the  heart  one  or  more  times,  developed  bacteria  quite  rapidly  and  suffered  in 
consequence  a  progressive  loss  of  its  sugar.  In  making  the  determinations 
for  dextrose,  it  was  necessary,  therefore,  to  examine  the  solutions  immediately 
at  the  end  of  the  experiment,  or  if  this  was  not  possible  to  sterilize  the  samples 
by  boiling  in  flasks  with  a  plug  of  cotton.  It  v'as  found  without  exception 
that  the  liquid  circulated  through  the  heart  suffered  a  slight  loss  of  dextrose. 
In  those  cases  in  which  a  small  supply  of  the  circulating  liquid  (200  c.c.)  was 
passed  through  the  heart  a  number  of  times  (6  to  9)  the  diminution  in  dex- 
trose was  equivalent  to  0,5  to  0.6  c.c.  of  the  standard  solution  used,  that  is, 
there  was  a  loss  of  sugar  amounting  to  20  to  30  mgm.  The  analyses  for 
sugar  were  made  only  in  the  earlier  experiments,  and  no  data  were  obtained 
to  indicate  whether  or  not  the  loss  of  sugar  was  specifically  inffuenced  by 
stimulation  of  the  inhibitory  or  the  accelerator  nerves. 
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For  the  determination  of  the  potassium  the  authors  made  use  of  the  colori- 
metric  method  described  by  Cameron  and  Failycr.*  The  method  involves  the 
formation  of  a  chlorplatinate  of  potassium  and  the  development  from  this  of  a 
double  iodide  having  a  red  color  by  the  addition  of  potassium  iodide.  The 
method  in  detail  is  as  follows.  Two  cubic  centimetres  of  the  solution  to  be 
examined  were  placed  in  a  platinum  crucible  and  \  c.c.  of  dilute  sulphuric 
acid  (1  to  4)  was  added.  The  solution  was  evaporated  to  dryness  over  the 
water  bath,  heated  over  a  sand  bath  until  the  excess  of  sulphuric  acid  was 
driven  otT,  and  was  then  incinerated  over  a  Bunsen  burner  at  a  dull  red  heat. 
The  ash  was  moistened  with  a  few  drops  (10)  of  hydrochloric  acid  (acid  i 
part,  water  \  part)  and  a  few  drops  (4)  of  a  solution  of  platinum  chloride  (i  ,73 
gm.  platinum  chloride  to  15  c.c.  water).  This  solution  was  slowly  evaporated 
neariy  to  dryness  over  the  water  bath,  and  the  evaporation  was  then  carried 
just  to  dryness  at  a  lower  temperature.  The  residue  was  then  washed  thor- 
oughly with  95  per  cent  alcohol  by  decantation  and  centrifugal izatioo  as  fol- 
lows. Four  or  Ave  c.c.  of  alcohol  were  poured  on  the  residue  in  the  crucible, 
and  the  material  was  carefully  rubbed  with  a  glass  rod  and  then  decanted  into 
a  centrifugal izing  tube.  Part  of  the  insoluble  residue  passed  into  the  tube, 
while  a  part  remained  in  the  crucible.  This  process  of  washing  was  repeated 
five  times,  and  the  crucible  containing  a  portion  of  the  residue  was  dried  over 
the  water  bath.  The  centrifugal  tube  was  placed  in  the  centrifuge  for  a  few 
minutes,  the  precipiute  being  so  heavy  that  a  few  minutes  centrifugalizlng 
enabled  one  to  pour  off  the  supernatant  alcohol  without  disturbing  the  residue, 
llie  latter  was  then  washed  several  times  with  a  few  c.c.  of  alcohol  by  cen- 
trifugalizlng and  decanting,  and  the  washed  residue  was  dried  over  the  water 
bath.  The  residues  in  the  tube  and  in  the  crucible  were  then  dissolved  in  hot 
water,  enough  being  used  to  make  a  solution  of  25  to  50  c.c.  After  cooling 
the  color  was  developed  in  this  solution  by  first  making  acid  with  hydrochloric 
acid,  and  then  adding  \  c.c.  of  a  a;  per  cent  solution  of  potassium  iodide. 
The  red  color  which  resulted  increased  gradually  to  a  maximum,  and  it  was 
ibund  safer  to  allow  the  solution  to  stand  ten  to  twelve  hours  before  making  a 
colorimetric  determination.  In  making  this  determination  the  red  colored 
soludon  was  diluted  to  100  c.c.  so  that  the  original  solution,  so  far  as  its  potas- 
sium was  concerned,  was  diluted  fifty  times.  The  colored  solutions  thus  ob- 
tained from  specimens  of  the  circulating  liquid,  with  and  without  stimulation  of 
the  nerves,  were  compared  with  each  other,  and  with  standard  colored  solutions 
obtained  from  known  weights  of  potassium  chlorplatinate.  In  making  the 
colorimetric  determinations  the  colorimeter  devised  by  Schreiner '  was  used. 
It  was  found  to  give  more  satisfactorj'  results  than  the  Duboscq  colorimeter, 

*  Journal  of  the  American  Chemical  Society,  xxv,  ro63,  1903.  See  especially 
Schreiner  and  Failyeb,  Bulletin  31,  U.  S.  Department  of  Agriculture,  1906, 
P  3'- 

'  Bulletin  31,  U.  S.  Department  of  Agriculture,  1906. 
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The  method  of  procedure  given  above  differs  from  that  described  by  Schrciner 
and  Failyer  in  two  points,  both  of  which,  according  to  our  experiments,  are  of 
fundamental  importance.  In  the  first  pla.ce  the  precipitate  of  chlorplatinates 
was  washed  with  alcohol  by  decaniation  and  centrifugalization.  We  have 
found  that  it  is  impossible  in  this  process  to  use  filter  paper  or  the  asbestos  fil- 
ters recommended  by  these  authors,  owing  to  the  fact  that  some  of  the  platinum 
chloride  adheres  so  firmly  to  the  filters  that  it  is  not  removed  by  the  alcohol. 
Analyses  of  solutions  containing  a  known  amount  of  potassium  salt,  when  the 
washing  with  alcohol  was  effected  through  filtration,  gave  always  results  chat 
were  much  too  high.  It  does  not  seem  at  all  probable  that  this  retention  of 
the  platinum  salt  was  due  to  the  presence  of  ammonia  in  the  filters,  since  the 
paper  filters  were  carefully  washed  and  the  asbestos  was  heated  to  redness  id 
a  platinum  crucible  before  using.  A  similar  difficulty  was  encountered  in  the 
use  of  porcelain  crucibles.  When  the  process  of  incineration  and  formation  of 
the  chlorplatinates  was  carried  out  in  a  porcelain  crucible,  the  quantitative 
result  was  invariably  too  high  a  yield  of  potassium  as  determined  by  the  colori- 
metric  method.  Experiments  indicated  that  this  result  was  due  to  the  fact 
that  in  washing  the  residue  with  alcohol,  some  of  the  alcoholic  solution  of  the 
excess  of  platinum  chloride  present  adhered  firmly  to  the  porcelain  surface  and 
was  not  washed  out  even  by  a  relatively  large  excess  of  alcohol.  If  the  glaze 
of  the  crucible  was  imperfect  the  error  due  to  this  fact  was  much  increased, 
but  it  might  occur  also  with  porcelain  crucibles  of  the  best  quality  in  which  the 
glazed  surface  was  intact.  With  ,the  alterations  in  the  method  that  we  have 
described,  namely,  the  use  of  platinum  crucibles  exclusively,  the  avoidance  of 
filters  in  the  process  of  washing  with  alcohol,  and  care  in  not  using  too  high  a 
temperature  in  the  evaporation  of  the  solution  of  chlorplatinates,  the  method 
has  given  very  satisfactory  quantitative  results  when  applied  to  solutions,  such 
as  Ringer  mixtures,  containing  known  amounts  of  potassium.  The  methods 
used  for  determining  the  calcium  in  the  circulating  liquid  were  not  so  certain 
and  reliable  as  in  the  case  of  the  potassium.  We  employed  the  turbidity 
method  described  by  Schrciner  and  Failyer.'  The  method  consists  in  precipi- 
tating the  dilute  solutions  of  calcium  as  oxalate  and  then  determining  the  rela- 
tive amount  of  the  precipitates  by  comparing  the  turbidity  of  the  solutions  with 
the  aid  of  a  colorimeter.  The  authors  modified  the  method  to  the  extent  of 
converting  it  into  a  colorimetric  turbidity  comparison.  They  found  it  impossi- 
ble at  times  to  compare  satisfactorily  the  depth  of  turbidity  alone,  but  by 
covering  the  reflector  with  a  red  purple  paper  the  two  columns  of  liquid  to  be 
compared  were  given  a  reddish  tint,  the  depth  of  color  being  less  in  the  tube 
containing  the  denser  precipitate.  By  this  means  we  obtained  much  more 
accurate  comparisons,  but  at  times  it  also  proved  unsatisfactory  owing  to  some 
slight  difference  in  tint  which  made  an  exact  matching  of  the  tubes  impossible. 
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As  stated  above  the  results  obtained  by  this  method  were  not  satisfactory,  and 
it  is  proposed  to  continue  this  side  of  the  work  with  the  employment  of  a  morf 
sensitive  method  for  determining  the  calcium. 

Summary. 

1.  When  an  isolated  mammalian  heart  is  kept  beating  upon  an 
artificial  circulation  of  l/xke's  liquid,  stimulation  of  the  vagus 
nerve  causes  an  increase  in  the  potassium  contents  of  the  circulat- 
ing medium.  Under  the  conditions  of  the  experiment,  namely, 
repeated  circulations  of  a  small  supply  of  the  liquid  after  maximal 
stimulation  of  the  vagus,  the  increase  in  the  potassium  may  amotmt 
to  as  much  as  29  per  cent.  It  is  believed  that  this  increase  is  ref- 
erable to  an  output  of  potassium  from  the  heart  substance,  due, 
probably,  to  the  fact  that  the  inhibitory  nerve  impulses  cause  a 
dissociation  of  an  indii^usible  compound  in  the  heart  substance  and 
the  liberation  of  the  potassium  in  diffusible  form.  It  is  estimated 
that  each  stimulus  (one  half  to  one  minute)  may  liberate  between 
0.4  and  0.5  mgm.  of  potassium.  Assuming  that  the  process  occurs 
in  the  auricular  tissue  or  in  a  definite  portion  of  the  auricles,  this 
amount  of  potassium  should  be  sufficient  to  inhibit  the  heart.  The 
results  obtained  are  presented,  therefore,  as  evidence  in  favor  of 
the  view  that  the  inhibitory  action  of  the  vagus  nerve  upon  the 
heart  is  mediated  through  the  influence  of  diffusible  potassium 
compounds  set  free  in  the  heart  by  the  inhibitory  impulses, 

2.  Stimulation  of  the  vagus  nerve  causes  no  detectible  change, 
within  the  limits  of  delicacy  of  the  method  employed,  in  the  calcium 
contents  of  the  circulating  liquid. 

3.  Stimulation  of  the  accelerator  nerve  causes  no  increase  in  the 
potassium  contents  of  the  circulating  liquid. 


Digitized  by  Google 


CHEMICAL  STUDIES  ON  GROWTH.  —  IV.  THE  TRANS- 
FORMATION OF  GLYCOGEN  BY  THE  ENZYMES  OF 
EMBRYONIC  TISSUES.' 

By    LAFAYETTE   B.   MENDEL  and  TADASU   SAIKL 

[fnim  Iht  Skiffiild  LaiaralaTy  of  Phyjinlogical  Chimiitry,   Yali  UittBrriity.'] 

'  I  ""HE  absence  of  glycogen  from  the  liver  of  embryo  pigs  rang- 
■*■  ing  in  size  from  85  to  230  mm.,  which  was  reported  in  an 
earlier  paper,^  has  suggested  the  inquiry  whether  the  embryo  liver 
is  capable  of  inducing  the  transformations  of  glycogen  character- 
istic for  the  adult  organ.  We  are  not  concerned  with  the  question 
whether  the  post-mortem  conversion  of  glycogen  is  in  any  respect 
related  to  the  intra-vital  functional  alteration  of  this  carbohydrate 
in  the  hver.  Since  an  abundance  of  evidence  is  now  available  to 
show  that  the  disappearance  of  glycogen  is  associated  with  a  specific 
enzymatic  reaction  in  which  the  activity  of  an  hepatic  amylase 
(glycogenase)  is  demonstrable,  the  theory  of  a  "  vital  "  cellular 
activity  to  account  for  the  familiar  phenomenon  has  lost  its  merit." 
It  is  certain,  at  any  rate,  that  the  liver  contains  an  enzyme  capable 
of  changing  both  deposited  and  foreign  (added)  glycogen  into 
sugar.  The  probable  significance  of  enzymes,  j.  e.,  intracellular 
enzymes,  in  the  chemical  working  of  active  living  tissues  has 
particularly  been  emphasized  by  Hoftneister.''  Is  a  glycogen- 
converting  enzyme  formed  or  available  in  the  embryo  liver  at  a 
period  when  the  glycogenic  function  has  apparently  not  yet  been 
called  into  use?  To  this  inquiry  we  have  directed  experimental 
observations. 

The  liver  of  the  embryo  pig  is  rich  in  blood  which  cannot  satis- 

'  This  research  was  conducted  with  the  aid  of  a  grant  from  the  Carnegie  Insti- 
tution of  Washington, 

*  Mendel  and  Leavenworth  ;  This  journal,  1907,  xx,  p.  123. 

'  This  topic  is  discussed  with  comprehensive  references  to  the  literature  of  the 
subject  by  Pick  (F.):  Beitrage  lur  chemischen  Physiologie,  1903,  iii,  p.  163. 

*  Cf.  HoFMEisTER  :  Die  chemische  Organisation  der  Zelle,  1901. 
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factorily  be  removed  from  the  tissue  as  in  the  case  of  larger  organs.  • 
In  examining  the  embryo  liver  for  enzymes  the  participation  of 
the  blood  in  any  of  the  reactions  observed  must  be  taken  into  ac- 
count. The  blood  is  known  to  contain  an  amylolytic  enzyme,  or 
enzymes,  and  we  have  therefore  compared  its  amylolytic  activity 
in  the  embryo  with  that  of  the  liver,  the  developing  muscular  tissue 
also  being  studied  for  contrast. 

Hethod.  —  The  embryonic  material  (from  the  pig)  was  obtained 
fresh,  comminuted  finely,  and  allowed  to  stand  under  several  vol- 
umes of  alcohol  during  one  to  two  days.  The  residue  was  then 
filtered  off  on  a  hardened  paper,  washed  with  alcohol,  pressed  as 
dry  as  possible,  and  finally  dried  in  a  high  vacuum  desiccator."  It 
was  then  finely  pulverized.  The  experiments  were  conducted  by 
allowing 

0.5  gm.  tissue  powder, 

30  c.c.  2  per  cent  glycogen  solution, 

30  cc.  water, 

Toluene, 

to  digest  at  23-25°  C.  during  forty-eight  hours.  The  mixture  was 
then  made  up  to  50  ex.,  filtered,  and  the  reducing  power  deter- 
mined in  20  c.c.  of  the  filtrate  by  the  Allihn  gravimetric  method. 
In  a  few  experiments,  where  smaller  quantities  of  tissue  were  un- 
avoidably employed,  10  cc.  water  and  10  c.c.  2  per  cent  glycogen 
solution  with  toluene  were  used,  and  the  mixtures  made  up  to 
25  c.c,  before  filtering.  The  results  are  expressed  in  the  table  in 
terms  of  CuO.  The  figures  calculated  for  100  gm.  of  fresh  mate- 
rial have  only  comparative  value,  of  course;  for  the  reducing 
power  is  not  strictly  proportional  to  changes  in  sugar  content.  In- 
asmuch as  the  nature  of  the  sugar  here  present  is  not,  definitely 
known  and  we  were  searching  for  the  marked  variations  in  amy- 
lolytic power,  no  attempt  has  been  made  to  express  the  results  in 
terms  of  sugar  formed.  In  every  case  control  experiments  were 
conducted  with  comparable  boiled  mixtures  of  tissue  and  glycogen 
solution  and  an  allowance  was  made  for  the  reduction  (usually  very 
slight)  directly  attributable  to  the  materials  entering  into  the  diges- 
tive mixtures.    The  data  are  summarized  in  tabular  form  on  page  66. 

DUcBuion  of  the  reeuita.  —  The  value  of  the  data  here  reported  is 
dependent  upon  the  assumption  that  the  glycogen-converting  prop- 

*  Benedict  and  Manning:  American  chemical  journal,  1902,  xxvii,  p.  340; 
Gore  :  Journal  of  the  American  Chemical  Society,  1906,  xxviii,  p.  S34. 


Digitized  by  Google 


Lafayette  B.  Mendel  and  Tadasu  Saiki. 


Digitized  by  Google 


Chemical  Studies  on  Growth.  67 

erties  of  tissues  are  not  destroyed  by  alcohol.  This  is  in  entire 
accord  with  the  recent  observations  of  Schondorff  and  Victorow,* 
who  have  found  that  glycogen  does  not  disappear  in  a  liver  kept 
under  alcc^ol,  and  that  the  amylolytic  enzyme  is  preserved,  Recov- 
ering its  activity  when  the  alcohol  is  removed.  Many  older  studies 
have  indicated  the  applicability  of  the  method  of  study  here 
employed,'' 

The  reducing  power  (1,  c,  sugar  content)  of  the  boiled  control 
(enzyme-free)  tissue  extracts  was  in  genera!  very  slight.  The  fact 
that  the  higher  values  were  usually  obtained  with  the  muscular 
tissue  may  be  referable  to  its  higher  content  of  inherent  carbo- 
hydrate. The  low  figures  for  some  of  the  active  digestions  are  not 
to  be  explained  by  any  lack  of  digestible  glycogen,  since  this  was 
always  present  in  considerable  excess  in  each  digestion.  Data  from 
adult  livers  are  given  for  comparison. 

The  amylolytic  power  of  the  embryonic  blood  has,  in  each  case 
examined,  been  smaller  than  that  of  corresponding  liver  or  muscle 
tissue.  This  deserves  emphasis  because  the  embryonic  liver  is  filled 
with  blood  which  cannot  be  satisfactorily  removed  therefrom.  The 
glycogen-converting  power  of  muscle  and  liver  is  therefore  not 
referable  solely  to  the  blood  which  they  contain.  It  is  the  more 
important  because  some  physiologists,  notably  Rohmann  and  his 
pupils,  have  maintained  that  the  transformation  of  glycogen  is 
primarily  due  to  the  activity  of  the  tissue  fluids  (blood,  lymph) 
rather  than  the  enzymes  of  the  cells  themselves,  F.  Pick's*  ex- 
periments on  adult  tissues  gave  the  following  comparative  data 
regarding  amylolytic  power: 

too  gm.  blood  digested    0.31  gm.  glycogen  in  three  hours, 
loogm.  liver  digested     0.69  gm.        "        "      "        " 
100  gm.  kidney  digested  2.37  gm.         "        "      "         " 

Borchardt  *  believes  that  the  liver  and  blood  enzymes  are  identical, 
but  adds  that  "  the  activity  of  the  ferment  is  greater  in  the  liver 
than  in  the  blood."     Pugliese  and  Domenichini  '*  have  lately  main- 

'  SchOndorff  and  Victorow  :  Archiv  tiir  die  gesammte  Physiologie,  1907, 
civi,  p.  495. 

^  Cf.  Bainbridge  and  Beddakd  :  Bio-chemical  journal,  1907,  ii,  p.  89. 

•  Pick  (F.):  Beitrage  zur  chemischen  Physiologic,  1903,  iii,  p.  174. 

'  Borchardt  :  Archiv  fiir  die  gc^mmte  Physiologie,  1903,  e,  p.  259. 

*'  Pugliese  and  Domenichini  :  Archives  italiennesde  biologic,  1907,  xlvii,  p.  i. 
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tained  that  the  amylolytic  enzyme  is  produced  by  the  liver  and  is 
poured  out  from  that  organ  into  the  circulation.  New-born  dc^ 
and  cats  possess  a  feeble  amylolytic  power  in  both  liver  and  blood 
at  the  time  of  birth ;  the  enzyme  c<Mjtent  is  said  to  increase  with 
age  more  rapidly  in  the  liver  than  in  the  blood. 

In  our  own  experiments  the  developing  muscle  tissue  (which 
contains  glyci^en  during  embryonic  life")  gave  evidence,  during 
the  earlier  stages  of  embryonic  life,  of  a  relatively  greater  giycogen- 
digesttng  power  than  that  of  liver  tissue  (free  from  glycogen). 
The  amylolytic  power  of  the  embryonic  liver  tissue  tends,  however, 
to  increase  with  the  age  of  the  embryo,  ultimately  overtaking  that 
of  the  muscular  tissue  which  shows  a  similar  progressive  tendency. 
Loewi "  has  found  that  the  amylolytic  power  of  the  blood  of  dif- 
ferent individuals  of  the  same  sort  is  approximately  constant, 
although  groups  or  species  vary  widely  from  each  other.  Nutri- 
tion cannot  account  for  such  marked  distinctions,  Loewi  calls 
attention  to  the  variations  associated  with  age,  without  attempting 
any  explanation.  Thus  the  full-grown  dog  furnished  more  active 
blood  than  the  puppy.  For  the  adult  muscle  tissue  Kisch  "  has 
shown  that  the  amylolytic  power  is  not  dependent  upon  the  nutri- 
tive or  functional  condition  of  the  animal,  the  regiilation  of  gly- 
cc^en  conversion  apparently  being  governed  by  some  other  factor 
than  the  demand  of  the  organism  for  sugar. 

The  principal  feature  to  be  emphasized  in  the  present  experi- 
ments is  the  variable  equipment  of  amylolytic  enzymes  in  the  em- 
bryonic tissues  and  its  correlation  with  developmental  changes. 
The  embryo  liver,  which  is  early  free  from  glycogen,  only  gradu- 
ally acquires  its  characteristic  digestive  capacity,  the  amylolytic 
efficiency  increasing  with  growth. 

1'  Cf-  This  journal,  1907,  xx,  p.  124. 

"  LoBWl:  Sitiungsberichte  der  Gesellschaft  mr  BefSrdening  derNaturnissen- 
schaften  lu  Mwbui^,  1904,  No.  8. 

>*  Kisch  :  Beitrage  zur  chemischen  Physiologie,  1906,  viii,  p.  210. 
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By   LAFAYETTE  B.    MENDEL  a»d  CHARLES  S.  LEAVENWORTH. 
[JrrviH  til  Shtffittd  Lab^aiory  ef  Pkjuitlegieal  Chemiitry,  Yalt  Unhierrily.l 

T  N  attempting  to  elucidate  the  chemical  mechanism  of  nutrition 
■*■  considerable  attention  has  been  directed  in  recent  years  to  the 
disintegrative  changes  which  can  occur  in  individual  tissues.  These 
studies  have  shown  that  autolytic  processes  may  easily  be  observed 
in  various  organs  removed  from  the  body ;  but  the  real  significance 
and  importance  of  such  processes  of  self -digestion  has  been  debated 
by  different  investigators.  One  group  insists  that  autolytic  disin- 
tegration is  a  normal  occurrence  in  living  as  well  as  surviving  tissues ; 
while  other  physiologists  incline  to  the  view  that  autolysis  is  dis- 
tinctly a  post-mortem  phencwnenon  and  takes  no  part  in  the  inter- 
mediary processes  of  tissue  metabolism.*  Whether  we  accept  the 
conclusion  that  autolytic  degradation  plays  a  normal  role  in  the  liv- 
ing animal  or  not,  there  caitbe  no  question  that  different  tissues  are 
variously  equipped  with  potential  capacities  in  the  form  of  more  or 
less  specific  enzymes  or  their  zymogens  which  can,  under  favorable 
conditions,  accelerate  the  chemical  disintegration  of  tissue  proteins. 
The  pathologists  also  have  attempted  to  associate  various  abnormal 
reactions  with  the  existence  of  autolytic  processes,  tending  to  em- 
phasize the  biological  importance  of  such  an  arrangement.' 

Admitting  the  probable  significance  of  autolytic  functions  in  liv- 
ing tissues,  one  might  naturally  expect  to  find  variations  in  the 
occurrence  of  the  appropriate  enzymes,  associated  with  changes  in 
the  nutritive  condition  of  the  individual  and  the  specific  organs 

I  This  research  was  conducted  with  the  aid  of  a  grant  from  tlie  Carnegie 
Institution  of  Washington. 

'  For  discussion  of  some  of  these  views  and  the  older  literature  on  this  subject, 
see  Levene:  Autolysis,  The  Han/ey  lectures,  i9os-Tgo6  ;  Jacoby:  Ergebnisse 
der  Physiolc^ie,  1902,  i,  I,  p.  213. 

'  C/.  Oswald:  Biochemisches  Centralblatt,  1904-1905,  iii,  p.  365. 
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examined.  Studies  in  this  direction  have  been  made,  among  others, 
by  Schlesinger.*  The  Hver  was  employed  as  the  representative 
organ  for  examination,  the  intensity  of  autoiytic  activity  being 
measured  by  the  increase  in  non-coaguiable  nitrogenous  compounds. 
Schlesinger  believed  that  in  disease  involving  digestive  disturb- 
ances there  occurs  a  diminished  autoiytic  power.  In  atrophic  condi- 
tions, especially  in  infants,  the  decrease  was  reported  as  particularly 
noteworthy.  The  intensity  of  autolysis  was  considered  as  maximal 
in  new-born  animals  (rabbits),  diminishing  with  increasing  age. 
Evidence  obtained  from  human  embryos  which  had  died  in  utero 
indicated  that  autoiytic  reactions  can  take  place  under  intra-titerine 
conditions. 

More  recently,  however,  knowledge  has  been  obtained  of  factors 
which  make  uncertain  any  unqualified  conclusions  respecting  the 
quantitative  relations  involved  in  autolysis  of  tissues.  The  existence 
of  substances  antagonistic  to  the  activity  of  tissue  enzymes  has  been 
discovered,  and  the  influence  of  the  reaction  of  the  digesting  medium 
has  been  recognized  more  clearly  than  heretofore.  Wiener '  lias 
shown  that  autoiytic  enzymes  scarcely  act  until  the  tissues  become 
acid,  alkaline  reaction  exerting  a  distinct  retarding  influence.  Sim- 
ilar results  have  been  demonstrated  by  Schryver.".  Von  Drjewezki '' 
has  found  that  autolysis  will  proceed  in  alkaline  solution,  though  at 
a  very  much  slower  rate  than  in  acid  media.  Obviously  experiments 
in  which  the  comparative  reaction  of  the  digesting  mixtures  is  not 
taken  into  consideration  cannot  give  conclusive  data  respecting  the 
relative  autoiytic  powers  of  the  tissues  investigated.  This  criticism 
may  be  applied  to  the  work  of  Schlesinger  previously  quoted.® 

In  continuation  of  our  studies  on  the  chemico-physiological  equip- 
ment of  growing  tissues  we  have  attempted  to  ascertain  to  what 
extent  embryonic  organs  are  supplied  with  autoiytic  powers.  Since 
in  the  adult  the  liver  is  one  of  the  organs  which  shows  the  greatest 
tendency  toward  rapid  autolysis  after  removal  from  the  body,  our 
experiments  were  confined  to  this  gland.  The  accelerating  influence 
of  acids  was  speedily  recognized  in  our  work  as  a  factor  of  primary 

*  Schlesinger  :  Beitrace  zur  chemischen  Physiologic,  1904,  iv,  p.  87.  This 
paper  reviews  much  of  the  earlier  literature  on  autolysis. 

■  Wiener:  Zentralblatt  fiir  Physiologic,  1905,  xix,  p.  349, 

•  Schryver:  Bio-chemical  journal,  1906,  i.  p.  149. 

'  Vo.v  Drjewezki  :  Biochemisclie  Zeitschrift,  [906,  i,  p.  228  ;  cf.  also  Preti  : 
Zeitschrift  fur  physiologische  Chemie,  1907,  lii,  p.  485. 

'  Schlesinger  states,  p.  96,  that  "  Die  Reaktion  wird  ganz  schwach  sauer." 
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importance  in  comparing  data  derived  from  different  tissues.  Sev- 
eral investigators  have  studied  the  rate  of  autolj'tic  change  in  tissue 
extracts  with  a  view  to  deciding  whether  the  progress  of  the  reaction 
is  influaiced  in  any  specific  way  under  different  nutritive  conditions.® 
Since  the  factors  possibly  involved  are  too  diverse  and  uncertain  at 
present  to  admit  of  a  conclusive  control  and  interpretation  of  the 
rate  of  autolysis  in  its  early  stages,  we  have  determined  the  extent 
of  autolysis  at  the  end  of  sixteen  hours  and  sometimes  forty-two 
hours  also.  The  increase  in  formation  of  non-coagtilable  nitrogen- 
ous disintegration  products  after  sixteen  hours  is  very  slight,  cor- 
responding with  the  experience  of  previous  investigators  who  have 
studied  the  rate  of  self-digestion  of  liver,"*  Having  convinced  our- 
selves of  this,  we  usually  stopped  the  experiments  at  the  end  of  six- 
teen hours ;  and  our  comparisons  are  in  general  based  upon  results 
thus  obtained.    The  tissues  used  were  from  pigs  and  pig  embryos, 

Kethod.  —  The  extent  of  autolysis  was  estimated  by  a  comparison 
of  the  amount  of  non-coagulable  nitrogenous  products  formed  with 
that  present  in  ajcontrol  experiment  in  which  self -digestion  was  pre- 
vented. Three  grtuns  of  the  finely  pulped  liver  were  accurately 
weighed  out  and  30  c,c,  of  water  and  2  c,c,  of  toluene  added.  The 
mixtures  were  allowed  to  stand  at  38°  in  a  stoppered  bottle,  being 
shaken  one  to  three  times  at  intervals  during  sixteen  hours.  In 
control  experiments  the  mixtures  were  immersed  in  a  boiling  water 
bath  during  fifteen  minutes  to  stop  enzymatic  action  and  then  sub- 
jected to  the  same  treatment  as  the  autolyzing  mixtures.  To  deter- 
mine the  extent  of  proteolytic  digestion  the  analytical  procedure 
suggested  by  Schryver  ^*  was  adopted  with  a  few  minor  modifica- 
tions. The  mixture  was  treated  with  an  equal  weight  (roughly)  of 
anhydrous  sodium  sulpliate  in  a  round-bottomed  glazed  dish.*' 
After  standing  three  or  four  days  the  hardened  mass  was  powdered 
in  a  mortar,  transferred  to  a  Jena  glass  flask  and  boiled  about  three 
quarters  of  an  hour  with  absolute  alcohol  with  a  reflux  condenser. 

•  Cy:  Laue-Claypon  and  Schryver  :  Journalof  physiology,  1904,  xxxi,  p.  175  ; 
Schryver,  Ibid.,  1905,  xxxii,  p.  159 ;  Wells  and  Benson  :  Journal  o£  biological 
chemistry,  1907,  iii,  p.  35. 

*•  Cf.  Lane-Claypon  and  Schryver:  Loc.eit.;  also  Wei.ls  and  Benson: 
Loe.  cit. 

*'  Schryver  :  Bio-chemical  journal,  1906,  i,  p.  131. 

■*  This  is  preferable  to  the  fiat-bottomed  dish  recommended  by  Schryver.  If 
the  mke  is  inverted  just  after  it  has  commenced  to  harden,  the  subsequent  sticking 
of  the  material  to  the  dish  can  be  avoided. 
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SUMMARY   OF   THE   EXPERIMENTS. 
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ThA  alcohol  was  decanted  through  papers  on  a  Buchner  funnel,  the 
residue  in  the  flask  being  heated  on  a  steam  bath  with  water  to  render 
coagulable  proteins  insoluble  and  dissolve  the  non-coagulable  nitro- 
genous compounds  and  the  sodium  sulphate.  The  coagulum  was 
filtered  through  the  same  papers,^^  and  the  nitrc^jen  of  the  washed 
coagulum  estimated  by  the  Kjeldahl-Gunning  process.  The  total 
nitrc^en  content  of  the  fresh  tissue  was  also  determined.  All  the 
results  are  expressed  in  cubic  centimetres  of  h/5  acid  used  to  neutral- 
ize the  ammonia  formed  in  the  Kjeldahl  estimation.  The  proportion 
of  the  total  nitrogen  rendered  soluble  and  non-coagulable  during 
autolysis  is  also  calculated  from  these  data.  The  acidity  of  the 
digestion  mixtures  was  determined  by  titration  with  «/io  NaOH 
using  litmus  as  an  indicator.  The  figures  given  represent  the  vol- 
umes of  the  alkali  solution  used.  Where  the  mixtures  were  acidified 
before  autolysis,  n/io  acetic  acid  was  employed. 

SiBcnsBisn  of  tha  rMoita.  —  A  survey  of  the  data  summarized  in 
the  tables  indicates  that  the  proportion  of  N  in  the  form  of  soluble 
(non-coagulable)  constituents  in  the  fresh  livers  of  both  the  adult 
and  embryo  pig  is  fairly  constant,  amounting  to  about  20  per  cent 
of  the  total  N.  That  the  progress  of  autolysis  is  ordinarily  practi- 
cally stationary  at  the  end  of  sixteen  hours  under  the  conditions  of 
our  experiments  is  indicated  in  the  numerous  trials  where  a  diges- 
tion period  of  forty-two  hours  failed  to  afford  more  than  a  very 
slight  increase  in  soluble  N.  (Vide  Experiments  i,  2,  3,  5,  14,  15, 
16,  21,  etc.)  In  a  large  number  of  control  experiments  in  which 
boiled  tissue  mixtures  were  allowed  to  stand  side  by  side  with  the 
autolyzing  products  and  examined  under  ccwnparable  conditions. 
the  analyses  gave  figures  practically  duplicating  those  obtained  for 
the  fresh  tissues.  The  brief  stay  in  the  thermostat  is  therefore  in- 
sufficient to  induce  any  hydrolysis  or  solvent  action  on  the  proteins 
independent  of  the  tissue  enzymes.  The  data  for  these  control  trials 
are  not  included  in  the  tables  above.  A  few  typical  protocols  selected 
at  random  illustrate  the  statement  just  made  (see  next  page). 

In  the  adult  livers  the  extent  of  autolysis,  expressed  in  percentage 
ratio  of  soluble  N  to  total  N,  tended  to  approach  one  third  of  the 
total  nitrogen  present.  (Vide  Experiments  2,  3,  4,  5,  8,  9,)  The 
accelerating  influence  of  acids  is  distinctly  shown  (cf.  Experi- 
ments 6,  8),  except  in  trials  (cf.  Experiment  g)  where  the  acidity 
developed  in  the  autolyzing  mixture  was  itself  adequate  to  afford 

"  This  filtration  was  very  slow,  especially  with  the  fresh  (undigested)  tissue. 
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maximal  results.  The  normal  variations  in  the  rate  of  autolysis 
noted  above  may  be  attributed  to  normal  variations  in  the  quantities 
of  facilitating  acids  liberated  in  the  tissue  or  to  varying  proportions 
of  blood  left  in  the  organ.  Blood  serum  exerts  a  strongly  inhib- 
itory action  on  autolysis.'*  The  unlike  production  of  organic  acids 
which  favor  the  autolytic  changes^'  may  be  associated  with  the 

GOAGULUM-N   IN   PREVIOUSLY   HEATED   MIXTURES, 
(cc.  n/5  acid  used.) 


No.  of  Experiment 

1 

2 

9 

T 

8 

18 

14 

19 

S9 

ss 

« 

80 

Fresh  lUsue    .     , 
After  16  hrs.  .    . 
After  42  hrs.  .    . 

287 

29.0 
249 

26-7 

28.5 
28.1 

26.9 
26.8 

26.3 

2S.2 

2U 
2I.I 

2a6 

20.9 
205 

20.4 
21.6 
21.5 

20.8 
20.1 

2as 

20.1 
20.4 

lao 

18.6 

20.6 
21.1 
20J 

laz 

17.7 

unlike  nutritive  condition  of  the  animals  which  furnished  the  livers. 
Magnus-Levy'"  has  demonstrated  that  in  autolysis  of  the  liver 
lactic  acid  in  particular  is  formed  at  the  expense  of  the  carbohydrates 
present.  Variations  in  the  glycogen  content  of  the  liver  might 
therefore  account  for  the  unlike  acidity  and  resulting  differences  in 
the  extent  of  autolysis  observed. 

In  the  case  of  the  embryo  pig  the  striking  result  is  the  slight 
extent  to  which  autolysis  took  place  under  normal  conditions  in 
liver  mixtures  from  embryos  of  all  sizes.  That  this  is  not  due  to 
any  specific  lack  of  enzyme  in  the  embryonic  tissues  is  made  clear 
by  the  experiments  in  which  small  amounts  of  acetic  acid  were  added 
to  the  autolysis  mixtures.  The  extent  of  autolysis  was  thereby  at 
once  increased  to  a  degree  comparable  with  what  was  noted  with  the 
adult  livers.  {Vide  Experiments  I2  (33  per  cent),  17  (29  per 
cent),  20  (26  per  cent),  23  (27  per  cent),  28  (32  per  cent),  30  (31 
per  cent).) 

In  seeking  for  an  explanation  of  the  relatively  slight  development 
of  acid  and  consequent  failure  to  obtain  pronounced  autolysis  with 
the  embryonic  livers  we  recall  our  observations  on  the  absence  of 

"  Cf.  SCHRYVER  :  Bio-chemical  journal,  1906,  i,  p,  144;  Baer  and  Loeb: 
Archiv  fiir  experim«tite11e  Pathologic  und  Pharmakologie.  1905,  liii,  p.  t- 

"  Cf.  Schbvver:  Lac  cil.,  p.  153:  Hedin  and  ROWLAND:  Zeitschrift  fur 
physiologische  Chemie,  1901,  xnxii,  p.  536;  Arikkis:  Ibid.,  1907,  liii,  p.  192. 

'•  Magnus-Lew:  Beitrage  zur  chemischen  Physiologic,  1902,  ii,  p.  283. 
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carbohydrates  from  these  tissues.^^  In  the  pig  the  embryo  liver  is 
devoid  of  giycc^en,  —  one  of  the  sources  of  the  acidity  developed 
in  autolysis,  according  to  the  experiments  of  Magnus-Levy  to  which 
reference  was  made  above.  It  is  interesting  to  note  that  the  extent 
of  autolysis  in  our  trials  without  addition  of  acid  increases  with  the 
acidity  developed  in  the  reaction.    Thus 


In  Expenroent  17,  acidity  = 


30 


,7  c. 


lutolysis  s  per  cenf 


The  degrees  of  native  acidity  here  represented  are  decidedly  smaller 
than  in  the  experiments  with  adult  livers  where  marked  autolysis 
was  obtained.  Any  specific  influences  attributable  to  the  ages  of  the 
embryos  cannot  be  pointed  out.  Considering  the  extent  of  autolytic 
change  (22-33  P^  cent)  in  those  experiments  (12,  17,  20,  23,  25, 
28,  30)  in  which  more  favorable  conditions  were  introduced,  there 
is  no  reason  to  assume  any  noteworthy  lack  of  autolytic  tissue  en- 
zymes m  the  embryo  liver.**  With  the  contention  of  certain  inves- 
tigators that  these  enzymes  play  no  part  in  metabolism  during  life 
we  are  not  at  present  concerned.  At  any  rate  the  equipment  for 
autolytic  tissue  disintegration  is  present  early  in  the  embryo,  even  if 
it  is  held  in  check  by  the  normal  environment  and  reaction  of  the 
animal  cells. 

"  Mendel  and  Leavenworth  :  This  journal,  1907,  xx,  p.  123. 

"  According  to  Vernon;  Journal  of  physiology,  1905,  xxxiii,  p,  99,  the  erepsin 
content  of  tissues  is  related  to  their  functional  capacity.  Theereptic  power  is  said 
to  increase  considerably  during  intra-u ferine  development  and  for  the  first  few  days 
of  post-natal  existence,  but  remains  constant  during  subsequent  growth. 
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CHEMICAL  STUDIES  ON  GROWTH.  — VI.  CHANGES 
IN  THE  PURINE-  PENTOSE-  AND  CHOLESTEROL- 
CONTENT  OF  THE  DEVELOPING  EGG.^ 

By  LAFAYETTE  B.    MENDEL  and  CHARLES    S.   LEAVENWORTH. 
[FroM  tkt  Sheffield  Lahtratary  af  Pkysiolegiial  Chtmistry,  Yale  t/iti'vtrtity.] 

The  Synthesis  of  Purines  in  the  Embryo. 

A  T  the  present  time  there  is  no  convincing  experimental  evi- 
^  ^  dence  of  the  synthetic  formation  of  purine  complexes  in  the 
adult  mammahan  organism.^  The  synthetic  production  of  uric 
acid  as  an  end-product  of  nitrogenous  metabolism  in  birds  and  rep- 
tiles is  a  distinctive  reaction  associated  with  excretory  functions 
in  these  species,  without  a  demonstrated  parallel  in  mammals.  Since 
nucleic  acid  complexes  form  an  integral  part  of  the  chemical  ccan- 
ponents  of  typical  cells  everywhere,  one  would  expect  the  constit- 
uent purine  bases  to  be  built  up  in  growing  tissues.  The  question 
of  purine  synthesis  in  developing  organisms  has  received  little 
attention  from  investigators.  TichtMntroff  ^  contributed  the  first 
data  bearing  on  this  question.  He  analyzed  the  eggs  of  insects 
(Bombyx  mori)  for  purine  bases  by  the  older  methods  of  Kossel 
and  also  made  similar  estimations  when  the  larval  forms  were 
developed  after  an  incubation  period  of  thirteen  days  at  23°  C. 
The  purine  bases  showed  an  increase  from  0.02  gm,  per  100  gm. 
of  eggs  to  0.2  gm.  at  the  end  of  the  period  indicated,  giving  di% 
tinct  evidence  of  a  synthetic  process.  The  nature  of  the  individual 
bases  present  was  determined,  but  need  not  be  considered  here  in 

'  This  research  was  conducted  with  the  aid  of  a  grant  from  the  Carnegie  Insti- 
tution of  Washington.  ■ 

*  The  literature  on  this  question  is  reviewed  by  Wiener  :  Ergebnisse  der 
Physiologie,  190a,  i,  I,  p.  613;  BuRiAN :  Medizinische  Klinik,  1905,  No.  6,  and 
Zeitschrift  fiir  phyaiologische  Chemie,  1905,  xliii,  p.  530 ;  Mendel  :  The  Harvey 
lectures,  1905-1906,  p.  zo8,  and  Journal  of  the  American  Medical  Association, 
March  31,  1906;  Pfeiffer:  Beitrage  *ur  chemisclien  Physiologie,  190?,  x,  p.  324. 

'  Tichomiroff:  Zeitschrift  fiir  physiologische  Cheraie,  1885,  ix,  p.  518. 
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view  of  the  presumable  inadequacy  of  the  older  analytical  methods 
employed.  Kossel  *  made  a  similar  study  of  the  purine  content  of 
the  hen's  eg^  before  and  after  incubation.  He  failed  to  detect 
purine  bases  in  the  unchanged  egg,  whereas  the  embryos  separated 
after  fifteen  days'  development  yielded  0.28  per  cent  of  guanine 
and  0.66  per  cent  of  hypoxanthine  (and  adenine?).  These  data 
also  were  obtained  at  a  time  when  the  present  methods  of  isolation 
of  the  individual  purines  were  not  yet  perfected,  and  must  there- 
fore be  considered  as  indicative  merely  of  a  synthetic  process  with- 
out demonstrating  conclusively  the  nature  of  the  bases  present. 
Such  formativ^  processes  are  unquestionably  associated  with  the 
elaboration  of  nuclear  materials. 

The  possibility  of  synthetic  production  of  purine  bases  in  the 
growing  mammal  was  demonstrated  by  Burian  and  Schur^  for 
suckling  animals.  In  various  litters  individuals  were  analyzed  at 
birth,  and  their  content  of  purine  bases  compared  with  that  of  the 
remaining  animals  which  were  allowed  to  grow  on  a  diet  consist- 
ing exclusively  of  milk,  a- food  notably  poor  in  purines.  The  evi- 
dence was  conclusive  that  purine  compounds  can  be  synthesized 
from  other  complexes  in  the  proteins.  The  nature  of  these  sources 
has  remained  a  matter  of  speculation." 

We  ha\'e  collected  further  experimental  data  on  the  synthesis 
of  purines  in  developing  eggs.  The  analytical  results  obtained  in 
such  an  investigation  are  particularly  suggestive  because  one  begins 
with  materials  practically  free  from  purines  and  no  contribution 
is  made  from  without  during  the  developmental  period.  The  sources 
of  the  synthetic  product  are  presumably  the  proteins  of  the  egg. 
Our  attempts  were  in  part  directed  toward  ascertaining  by  compe- 
tent methods  whether  the  bases  thus  formed  are  the  same  as  those 
found  in  the  tissues  of  the  adult. 


Total  Purine  Content  of  Eggs  at  Various  Stages  of 
Development. 

Uetliod.  —  The  entire 'contents  of  the  shell  were  extracted  with 
hot  alcohol  and  the  residues  heated  with  5  per  cent  sulphuric  acid 

•  Kossel  :  Zeitschrift  fur  physiologische  Chemie,  1886,  x,  p.  248. 

•  Burian  and  Schur  :  Zeitschrift  fur  physiologische  Chemie,  1897,  xxiii,  p.  55. 

•  Compare,  for  example,  Kossel  :  Zeitschrift  fiir  physiologische  Chemie,  1905, 
xliv,  p.  349;  Burian  :  Ergebnisse  der  Physiologic,  1906,  v,  p.  821. 
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at  loo"^  during  sixteen  hours.    The  material  was  then  filtered  and 
the  residue  again  heated  eight  hours  with  fresh  acid.    The  united 


PURINE   CONTENT. 


No.  fit 

used. 

Period  of 
Incubation. 

Total 

Purine 

Purine 
Nper 
'BE- 

Method. 

.              EXPBRIMEKTS   WITH   HKNS'   EGOS. 

a 

12 

0 

0^19 

0X016 

b 

7 

0.0267 

0.0066 

d 

14 
21 

0.046 
0.06S 

0.0115 

aoi7 

Double  precipilation  with  copper- 
sulphaie-bisulphite  reagents. 

e 

21 

0.033 

0.022 

V- 

11 

0.022 

0.0055 

h 

14 
21 

0.049 
0.093 

0.012 

aoz3 

•   Additional  precipitation  with  sil- 
ver reagent. 

i> 

21 +  H 
feeding 

21  +  14 
feeding 

21 +  U 
feeding 

0.098 

0.0246 

ki 

0.101 
0.100 

00253 

0.025 

■   Additional  precipitation  with  sil- 
ver reagent. 

Ex 

...«.„ 

s  WITH  Ducks'  Eggs. 

1 

Z 

9 

0.0056 

0.0028 

m 

Z 

18 

0.014 

0.022 

Double  precipitation  with  copper- 
sulphate -bisulphite  reagenw- 

° 

z 

27 

0.OS9 

0.030 

1  Ir 
alcoh 

these  ei 
I. 

■periments  th 

B  contenU 

of  the  egg-shell  were  not  extracted  with  hot 

filtrates  were  neutralized  with  sodium  hydrate,  concentrated'  and 
filtered.  The  quantitative  estimation  of  the  purines  was  made  in 
the  resulting  solutions  by  the  Kriiger-Schmid  method,*  a  double 

'  This  dfected  the  separation  (in  the  saturated  Na^SO,  solution)  of  proteose- 
like  material  which  interferes  with  the  subsequent  purine  precipitations. 

■  KrOger  and  Schhid:  Zeitschrift  fiir  physiologische  Chemie,  1905,  xlv,  p.  i. 
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precipitation  with  the  copper-bisulphite  reagents  always  being  car- 
ried out.  In  some  series  this  was  followed  by  a  silver  precipitation. 
The  progressive  increase  in  purine  nitrogen  during  the  period  of 
incubation  is  unifonnly  found,  giving  evidence  of  the  synthesis 
of  the  bases  as  a  characteristic  feature  of  development.  The  ques- 
tion may  at  once  be  raised  whether  we  are  not  dealing  here  with 
uric  acid,  formed  by  the  same  agencies  which  give  rise  to  it  syn- 
thetically in  adult  birds,  rather  than  with  a  production  of  purine 
groups  in  the  form  of  nucleic  acid.  That  this  is' not  the  case  is 
shown  by  the  further  analyses  reported  below  in  which  the  purine 
bases  were  isolated  and  shown  to  be  those  characteristic  as  com- 
ponents of  nucleoproteins. 

In  Experiments  i,  j,  k,  the  chicks,  after  hatching,  were  fed  two 
weeks  exclusively  upon  bread  crumbs  containing  practically  no 
purines  (0.008  per  cent  purine  N).  The  purine  content  of  the 
body  was  not  noticeably  increased  during  this  period. 


Separation  of  the  Purines. 

Hethod.  —  The  entire  contents  of  the  egg-shells  were  extracted 
with  hot  alcohol  and  ether  and  the  residues  decomposed  by  heating 
with  5  per  cent  sulphuric  acid  until  the  solutions  no  longer  gave 
the  biuret  reaction.  In  one  experiment  the  purine  bases  were  first 
precipitated  with  Hopkins'  mercuric  sulphate  solution,*  and  then, 
after  removal  of  the  mercury  with  hydrogen  sulphide,  by  means 
of  the  copper-sulphate-bisulphite  reagents.  In  the  other  experi- 
ments the  Kriiger-Schmid  process  alone  was  employed.  The  sepa- 
rations and  identification  of  the  bases  proceeded  as  described  in 
an  earlier  communication.'" 

These  figures  bring  further  evidence  of  the  progressive  synthesis 
of  purines  taking  place  during  the  growth  of  the  embryo,  and  they 
show  that,  as  in  the  adult  5nd  embryo  organs  already  examined," 
guanine  and  adenine  are  the  predominating  bases  involved. 

•  Cf.  Levene:  This  journal,  1904-1905,  xii,  p.  276. 
'"  This  journal,  1907,  xx,  p.  loz. 
"  Cf-  This  journal,  1907,  xx,  p.  103. 
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PURINE   BASES. 


Period 

Purine  Bases  estimated. 

Number  of  eggs 

of 

Total. 

Guan- 
ine. 

Aden, 
ine. 

"Er 

Guan- 
ine. 

Aden- 

itie. 

thine. 

Hens'  Eggs. 

o" 

57 

21* 

0.294> 

0.183' 

0018 

0.005 

0.003 

0.0003 

P 

S3 

20 

0279 

0.187' 

aois 

0.005 

0.0035 

0.0003 

,     embryos  I 

a203' 

ai98' 

0.0009 

0.0009 

q 

"2     sSl'^i 

11 

an  7* 

0.108" 

0.0006 

0.0005 

1^  i  total  egg  i 

0.320« 

0.306 

0.027 

0.0015 

aooi4 

0.0001 

Ducks'  Eggs. 

' 

21                                 28» 

o.2n» 

0.232"' 

0.0*0 

0.010 

aoii 

aooo2 

>  In  this  experiment  the  purines  were  first  precipitated  with  the  Hopkins  reigent. 

»  Just  hatched. 

•  0.4354  gm.    C,H,N,0  ■  HCI  ■  2  H.O.              N  =  31.15  % ;  cakuU.ed  31.3  %. 

*a474gm.                 "               "                            H,0  =  16.1%;  calculated  16.1%. 

N  =  37.2  %  in  the  dehydrated  salt. 

»  03IZ  gm.                 "                "                             H,0  =  15.6  %. 

N  =  37.0  %  in  the  dehydrated  salt. 

•  0.S19S  gm.    C,H(N(  ■  C»H,(NO,),OH  ■  H,0.           m.p.  278-80°  C. 

'  0.529   gm.              "               •'               ••                       m.p.  281°. 

»  0.S61S  gm.              "               "               "                       m.p.  aSZ". 

»OJ066gm.              "               "               "                       m.p.  Zaa". 

w  0656   gm.              "               "               "                       m.p.  279". 

The  Pentose  Content  of  Developing  Eggs. 

The  tissue  nucleoproteins  are  usually  considered  to  contain  con- 
stituent pentose  groups,'*  since  they  yield  furfurol  on  distillation 

1*  A  recent  discussion  of  this  point  will  be  found  by  v.  FORTH  a.nd  JeruSAleh  : 
Beitrige  lur  chemischeo  Physiologie,  1907,  x,  p.  180. 
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with  hydrochloric  acid.  Inasmuch  as  the  purines  enter  into  the 
make-up  of  the  nucleoprotein  complexes,  it  became  of  interest  to 
learn  whether  pentose  groups  exist  preformed  in  the  egg  or  are 
formed  pari  passu  with  the  purines.  That  the  pentose  content  of 
a  tissue  is  proportional  to  its  richness  in  nuclei  is  suggested  by  a 
research  of  Neuberg.*'  Experiments  on  the  liver  of  the  embryo 
pig  have  convinced  us  of  the  general  probability  of  this  relation. 
We  have  repeatedly  demonstrated  that  the  fresh  eggs  of  the  hen 
and  duck  fail  to  yield  furfurol  on  decomposition.  A  summary 
of  analyses  of  the  egg  contents  at  various  periods  of  incubation  is 
given  below.  The  materials  were  dried  with  the  aid  of  alcohol 
and  heat,  weighed,  and  then  ground  as  finely  as  possible.  Three 
to  five  grams  were  treated  by  Tollens'  method  "  and  the  furfurol 
phloroglucid  weighed.  The  experiments  were  repeated  with  numer- 
ous eggs,  duplicate  analyses  being  made  in  each  case.  The  results 
are  expressed  in  equivalents  of  the  phloroglucid  per  egg. 

SUMMARY. 


Period  of 

Furfurol 

phloroglucid 
per  egg. 

Hew'egg.    ,    .    .   1 
Ducks'  eggs    -    -    ■  { 

7 
U 
21 
21 

9 

IS 
27 

0.012 
0.020 
0.024 

0.037 

The  Fat  and  Cholesterol  Content  of  developing  Hens' 

Eggs. 

The  more  familiar  chemical  changes  in  developing  birds'  eggs, 
such  as  the  variations  in  their  content  of  water  and  proximate  prin- 
ciples, have  been  subject  to  investigation  since  many  years.'"    They 

1*  Neuberg  :  Berliner  klinische  Wochenschrift,  1905,  p.  1 18.  Cf.  also  Bbkbe 
and  Shaffer:  This  journal,  1905,  xiv,  p,  231. 

'*  Tollens:  Zeitschrift  fiir  phj^iologische  Chemie,  1902,  xxxvi,  p.  239. 
.    "  C/.    PoTT:    Landwirtschaftliche   Versuchs-Stationen,     1878,   xxiii,    p.    203; 
pREYER:   Specielle   Physiologie  des   Embryo,   1885,   p.   274;  and  LlESERHANK  : 
Archivftir  die  gesammte  Physiologie,  1888,  xliii,  p.  71,  where  the  refereoces  to 
earlier  literature  will  be  found. 
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show  a  decrease  in  the  total  quantity  of  ether-soluble  substances 
present  within  the  shell.  Parke"  long  ago  found  that  both. the 
ether  extract  and  the  alcohol  extract  of  the  hen's  e^-yolk  dimin- 
ishes in  quantity  during  the  period  of  incubation.  The  cholesterol 
changes  similarly.     Parke's  figures  for  the  yolk  are: 

Ether  Extract.  Choleiterol. 

Fresh  egg 4.453  gm.  0.248  gm. 

10  days'  incubation     .    .    .     4.380  0.230 

17  days'  incubation    .    .    .    3961  0.163 

There  is  simultaneously  an  increase  in  the  fat  content  of  the  en- 
larging embryo  itself;  but  according  to  the  figures  on  record  this 
is  insufficient  to  account  for  the  gradual  loss  of  fatty  materials 
from  the  remaining  yolk  and  albumen,  especially  in  the  later  stages 
of  incubation.  It  is  likely,  therefore,  that  fat  ccmtributes  to  the 
expenditure  of  energy,  which  is  generally  recognized  to  occur  dur- 
ing embryonic  life.  The  gaseous  metabolism  at  this  period  may 
apparently  be  very  vigorous."  The  most  conspicuous  changes  occur 
toward  the  end  of  the  embryonic  period. 

We  have  incidentally  endeavored  to  learn  whether  cholesterol 
likewise  shares  in  these  changes  —  whether  any  alteration  occurs 
in  the  total  stock  of  cholesterol  available  in  the  entire  egg.  Parke's 
observations  (mi  the  yolk  have  been  recorded  above. 

In  the  eggs  of  the  insect  Bombyx  jtiori,  Tichomiroff"  found 
slight  changes  in  the  ether  extract  from  9.52  to  6.46  per  100  gm. 
eggs  and  0.40  to  0.35  in  the  cholesterol  during  the  period  of  incu- 
bation. In  our  experiment  the  entire  contents  of  the  egg-shell  were 
rubbed  with  an  equal  weight  of  anhydrous  sodium  sulphate,  and 
the  hardened  mass  ground  up  and  extracted  five  times  with  boiling 
ether.  The  dried  ether  extract  was  weighed  and  then  examined 
for  cholesterol  by  Ritter's  method,**  The  purity  of  the  cholesterol 
weighed  is  evidenced  by  the  melting  point  of  each  specimen.  The 
data  are  summarized  in  the  table. 

"  Parke:  Hoppe-Sey let's  MediiiniBch-chemische  Untersuchungej),  1867, 
p.  211.  For  lecithin  cf.  Mesernitzky:  Biochemisches  Centralblatt,  1907,  vi, 
p.  784. 

"  C/.  Hasselbach  :  Skandinavisches  Archiv  fiir  Physiologic,  1899-1900,  x, 
p.  353 ;  BoHN  :  iditi.,  p.  413. 

"  TiCHOMiROFP :  Zeitschrifi  fiir  physiolt^sche  Chemie,  1884-1885,  ix,  p.  531. 

"  RiTTER :  Zeitscbrift  fur  physiologische  Chemie,  1901-1902,  xxxiv,  p.  430. 
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No.  of 

eggs. 

Period  of 
Incubation. 

Weight  of 

Ether  Extract. 

contenis. 

Total. 

Per  egg. 

Total. 

Per  egg. 

3 

0 

553*"' 

•■■ 

tm. 

•■■ 

"■ 

51. S    155.8 

16.5 

5.5 

1.135  > 

a378 

48J 

3 

14 

45.1 

44.1 

129.4 

13.8 

4* 

0.826" 

a275 

4ai 

3 

21 

(hatched) 

37.4 
34.4 
34.1 

1% 

8.7 

2.9 

0.751' 

0.250 

' 

m.  p.  144-45= 

■n. 

p.  144-45°. 

•  ro.  p.  145=. 

These  data  are  comparable  with  the  somewhat  lower  figures 
obtained  by  Parke  for  the  egg-yolk  many  years  ago.  They  give 
no  evidCTice  pf  a  synthesis  of  cholesterol  in  the  processes  incidental 
to  the  development  of  the  chick.  On  the  contrary,  the  cholesterol 
appears  to  disappear  in  part  in  company  with  the  rest  of  the  lipoid 
yolk  substances  which  act  here  as  sources  of  energy  in  growth. 
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CATALASE  OF  ANIMAL  EMBRYONIC  TISSUES.^ 

By  LAFAYETTE   B.  MENDEL  akd   CHARLES   S.    LEAVENWORTH. 

{Frmn  Iki  Shipdd  Labgtatmy  ef  Phyli^agieal  ChtmiOry,  Yalt  Univeriify.] 

A  CAREFUL  interpretation  of  the  abundant  and  confused  data 
regarding  the  nature  of  certain  oxidative  reactions  in  animal 
and  plant  tissues  clearly  indicates  the  occurrence  of  varied  enzy- 
matic properties.  At  the  present  stage  of  experimental  inquiry  three 
peculiar  groups  of  enzymes  may  be  postulated :  ( i )  true  oxidases, 
more  or  less  specific  in  action;  (2)  peroxidases,  requiring  the  pres- 
ence of  hydrogen  peroxide  or  organic  peroxides  to  fulfil  their  activ- 
ity; {3)  catdases,  capable  of  liberating  oxygen  from  peroxide.* 
The  preponderance  of  evidence  at  the  present  moment  suggests  that 
each  type  of  reaction  here  represented  may  be  independently  insti- 
tuted or  accelerated  by  individual  enzymes,  although  all  writers  are 
not  yet  agreed  upon  the  individuality  of  the  accelerating  or  activating 
agent. 

In  continuation  of  the  study  of  the  chemical  equipment  of  the 
embryo  at  various  stages  of  development  we  have  turned  our  atten- 
tion to  the  catalytic  decomposition  of  hydrogen  peroxide.  This 
reaction  especially  has  been  observed  with  so  great  a  diversity  of 
tissues  that  it  has  in  the  past  often  been  regarded  as  a  characteristic 
property  jif  enzymes  in  general.  Since  the  investigations  of  Loew, 
however,  the  enzyme  catalase  has  received  independent  recognition.' 

'  This  research  was  conducted  with  the  aid  of  a  grant  from  the  Carnegie 
Institution  of  Washington. 

*  The  literature  on  this  subject  will  be  found  in  papers  by  Bach  and  Chodat: 
Biochemisches  Centralblatt,  1903,  i,  pp.  417,  457  ;  VON  CZYHLARZ  and  VON 
FORTH  :   Beitrage  zur  chemischen  Physiologie,  1907,  x,  p.  358. 

)  Cf.  Shaffer  :  This  journal,  1905,  xiv,  p.  299;  Euler:  Beitrage  zur  chem- 
ischen Physiologie,  1906,  vii,  p.  1 ;  c/.  also  Kastle  and  Loevenhart  :  American 
chemical  journal,  1903.  xxix,  p.  581. 
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We  favor  the  view,  furthennore,  that  it  is  not  an  oxidizing  enzyme 
in  the  strict  sense  of  the  word  and  must  be  distinguished  fundamen- 
tally from  the  so-called  oxidases.*  Thus  catalase  is  not  necessary 
for  the  production  of  the  well-known  guaiacum-blue  reaction.  The 
oxygen  liberated  by  catalase  appears  to  be  in  the  molecular  rather 
than  a  nascent  or  atomic  state. 

Too  great  stress  must  not  be  placed  on  the  data  regarding  the 
relative  distribution  of  catalases;  for  the  methods  of  comparison 
are  open  to  criticism,  and  the  presence  of  inhibitory  factors  often 
masks  the  inherent  powers  of  the  material  examined.  The  blood  is 
well  known  to  be  rich  in  catalase  (haemase)  which  has  been  care- 
fully investigated.  Liebermann  found  relatively  blood-free  adipose 
tissue  to  be  rich  in  catalase;  and  Euler  has  argued  for  the  non- 
identity  of  the  catalases  of  different  origin.^  Wolfgang  Ostwald  " 
has  noted  that  sperm  is  richer  in  catalase  than  ovarial  substance  and 
has  discussed  the  significance  of  the  enzyme  (p.  462).  In  numerous 
papers  Battelli  and  Stern  '^  have  described  the  distribution  of  animal 
catalases  in  organs  and  species.  In  general  the  relative  order  of  the 
tissues  in  content  of  the  enzyme  is:  liver,  kidney,  blood,  lung, 
muscle,  brain.  The  significance  of  outside  factors  was  clearly  empha- 
sized by  Loevenhart,*  who  has  shown  how  greatly  they  may  modify 
the  velocity  of  the  reaction.  Thus  acid  markedly  inhibits  the  action 
of  catalase,  and  in  many  cases  the  so-called  activating  action  of 
various  substances  is  due  merely  to  their  power  to  neutralize  or  bind 
the  acid  contained  in  commercial  peroxide.  Likewise  McGuigan  * 
has  lately  observed  that  "  equal  quantities  of  the  various  tissues  of 
the  body,  dried  and  powdered,  require  different  quantities  of  acid 
to  slow  the  catalysis  of  hydrogen  peroxide  to  a  certain  point.  The 
kidney  requires  most  acid,  then  the  liver,  the  spleen,  pancreas,  and 
muscle,  following  in  the  order  named,  requiring  progressively  less 

*  Cf.  Liebermann:  Archiv  fiir  die  gesammte  Physiologie,  1904,  civ,  p.  303 ; 
1905,  cviii,  p.  489  ;  Van  Laer  :  CentralblaU  fur  Bakteriologie,  ii,  19*,  xvii.  Heft 
17-18  :  Shaffer,  loc.  cil. ;  Vox  Czyhlarz  and  Von  FUrth  :  Loc.  cit. 

■  So  Lesser:  Zeitsdirift  fiir  Biologie,  1906,  xlviii,  p.  1;  xlix,  p.  575,  who 
assumes  that  catalase  liberates  active  oxygen,  suggests  that  the  enzymes  may  be 
relatively  more  abundant  in  the  blood  of  the  more  actively  oxidizing  species. 

'  Ostwald:  Biochemiache  Zeitschrift,  1907,  vi,  p.  409. 

'  See  the  Comptes  rendus  de  la  sociit^  de  biologic,  1904,  tt  leg. ;  Comptes 
rendus  de  I'academie  des  sciences,  1904,  cxxxviii,  p.  923;  ArchivJo  di  fisiologia, 
190;,  ii,  p.  47[- 

*  Loevenhart;  This  journal,  1905,  xiii,  p.  171. 

*  McGuiGAN  :  This  journal,  1907,  xix,  p.  197. 
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acid."  Differences  in  oxygeii  liberation  are  thus  in  some  cases  due 
solely  to  differences  in  the  environment  of  the  cataiase,  the  enzymes 
probably  being  identical. 

Regarding  the  physiological  significance  of  the  catalases  nothing 
convincing  can  be  stated.  They  are  not  to  be  considered  as  oxida- 
tive enzymes,  and  it  has  been  su^ested  that  their  function  consists 
in  regulating  the  oxidative  processes  by  decomposing  the  peroxides 
which  tend  to  develop  in  animal  and  plant  tissues.  Kastle  and 
Loevenhart  ^^  conclude,  on  the  other  hand,  that  "  the  power  pos- 
sessed by  cataiase  to  decompose  hydrogen  peroxide  is  to  be  looked 
upon,  not  as  its  physiological  function,  but  rather  as  a  property 
possessed  in  common  by  a  great  many  substances  capable  of  com- 
bining with  oxygen,  —  a  property,  by  the  way,  which  may  never 
be  called  into  play  physiologically." 

With  regard  to  the  distribution  of  cataiase  in  embryonic  animal 
tissues  Battelli  and  Stern  *^  state  that  they  contain  less  cataiase 
than  those  of  the  adult.  Buxton  and  Shaffer  ^^  note  that  cataiase  is 
always  found  even  in  very  young  embryonic  tissue,  but  the  reactions 
with  embryos  are  weaker  than  with  normal  tissues.  Herlitzka'^ 
has  likewise  reported  the  occurrence  of  cataiase  in  the  earliest  stages 
of  embryonic  development, 

Kathod  of  exparimmt.  —  The  catalytic  decomposition  of  the  hy- 
drc^en  peroxide  was  studied  by  the  method  employed  by  Loeven- 
hart.'* Tiie  tissues  were  obtained  fresh  from  the  slaughter  house 
and  were  used  within  two  hours  after  the  death  of  the  animal, 
Euler "  has  found  that  fresh  catalase-containing  extracts  retain 
their  activity  almost  unchanged  at  least  twenty-four  hours,  but  are 
greatly  weakened  by  acid.  We  have  conducted  experiments  on  the 
tissues  of  both  full-grown  and  embryo  pigs,  using  commercial  "  Oak- 
land Dioxygen  "  both  with  its  usual  acid  reaction  and  also  after 
neutralization.  Readings  of  the  volume  of  oxygen  liberated  from 
the  peroxide  solution  at  room  temperature  were  taken  at  intervals  of 
fifteen  seconds.  The  content  of  the  tissue  extracts  in  solid  matter 
was  also  determined  for  comparison. 

B«aiilti  and  condwriona.  —  Only  a  very  few  of  the  numerous  trials 

"  Kastle  and  Loevenhart  :  American  chemical  journal,  1903,  xxix,  p.  586. 

"  Battelli  and  Stern:  Archivio  di  fisiologia,  1905,  ii,  p.  471. 

"  Buxton  and  Shaffer  :  Journal  of  medical  research,  1905,  viii,  p.  549. 

"  Herlitzka:  Biochemisches  Centralblatt,  1907,  vi,  p.  234. 

"  Loevenhart  :  This  journal,  1905,  xiii,  p.  171. 

"  Euler:  Beitrage  lur  chemischen  Physiologie,  1906,  vii,  p.  4. 
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are  reported  below  as  illustrative  protocols.  The  experiments  clearly 
indicate  the  inhibitory  influence  of  the  acid  in  commercial  hydrc^en 
peroxide  solutions,  the  velocity  of  the  oxygen  liberation  being  greatly 
increased  in  the  neutral  solutions,  particularly  with  certain  tissues. 
The  embryonic  tissue  extracts  appear  to  be  relatively  more  sensitive 
to  the  acid  reaction  than  those  from  the  full-grown  animals  (con- 
trast Experiments  i,  2,  3  with  7,  11,  15).  Like  Battelli  and  Stem, 
we  find  adult  liver  and  kidney  standing  first  in  order  of  richness  in 
catalase,  the  lung,  muscle,  and  nervous  tissue  being  inferior  in  this 
respect  in  about  the  order  named.  In  the  pig  embryo  these  tissues 
stand  in  the  order:  liver,  kidney,  lung,  muscle,  and  brain.  Our 
protocols  fail  to  show  any  noteworthy  lack  of  catalase  in  the 
youngest  embryos  within  the  ranges  of  65  to  230  mm,,  correspond- 
ing to  fifty  to  ninety-six  days.^*  When  the  fostal  organs  are  com- 
pared with  the  adult  tissues  in  respect  to  the  volume  of  oxygen 
liberated  per  unit  of  soHd  material  in  the  extracts,  the  latter  show 
a  decidedly  greater  catalytic  power  with  the  unneutralized  commer- 
cial peroxide.  With  the  neutral  peroxide,  however,  these  differences 
largely  disappear,  and  they  must  accordingly  be  attributed  to  differ- 
ences in  the  power  of  the  extracts  to  overcome  the  inhibitory  influ- 
ence of  the  acid  present  rather  than  in  content  of  catalase.  To  draw 
any  far-reaching  conclusions  of  functional  significance  from  these 
facts  appears  unwarranted  so  long  as  the  numerous  variable  factors, 
such  as  blood  content,  possible  presence  of  anti-catalase,  and  other 
features  of  the  chemical  environment  are  unknown.  It  is  sufficient 
here  to  record  Jhe  early  presence  of  the  catalytic  power  in  embryonic 
tissues. 

"  Cf.  This  journal,  1907,  xx,  p.  90. 
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Typical  Protocols. 


The  figures  in  the  peroxide  columns  indicate  volumes  of  oxygen 
liberated  in  cc. 

TISSUES   OF  FULL-CROWN   ANIMALS. 


EXPEBIHBNT   1. 

Acid  peroiide. 

Neutral  peroxide.            1 

Part  of 

animal.' 

Time  in 

1  cc.  extract, 

4  CC-  water. 

3  cc  water.' 

1  cc  extract, 
4  cc  water. 

3  cc  water.' 

Utct 

IS 
30 
45 
60 
75 
90 
105 
IZO 

14,5 
22.3 
32.1 
40.5 
49.9 
54.9 
57.6 
S9.5 

43.3 
54.0 
60.4 
63.9 
64.3 

53.8 
60.4 

62.0 

Solids  in  extract  oiied, 
iniagm. 

30 

60 

30 

60 

EXPEKIHEHT  2. 

1  cc.  extract, 
1  cc.  w«er. 

2  cc  extract, 
3  cc.  water. 

1  cc  extract, 
1  cc.  water. 

1  cc  extract, 
4  cc.  water. 

Kidney 

15 
30 
45 
60 
75 
90 
105 
120 

8.6 
13.4 
21.6 

2&4 
36-2 
42.2 
47.9 

S2.S 

26.0 

38.8 
150.7 

isa? 

64.6 

67.0 
68.0 

68.9 

66.4 
67.0 

67.4 

Solid*  in  eMract  used. 

24 

48 

24 

24 

EXFBRIMENT  3. 

1  cc.  extract, 

1  cc.  water. 

3  cc.  water.' 

1  cc.  extract. 

2  cc  extract. 
3  cc.  water. 

Lang 

IS 
30 
45 
60 
75 
90 
105 
120 

1.4 

Z.9 

4.6 
S.2 

Zl 
5.5 
7.9 
9.2 
11.8 
12.3 
14.4 
15.6 

8.3 
10.6 

12.0 

13.2 
14.6 
15.9 

17.0 

20.0 
26.3 
29.8 
32.1 
34.6 
36.8 
39.0 
41.2 

Solid,  in  extract  used, 
inmgm. 

IS 

30 

IS 

30 
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EXFEklHtLXT  4. 

Part  of  aninuL                     Tune  in  sec™  ds. 

15 

3J 

30 

4j                          1.4 

45 

55 

MoKlei 

60 
75 

90 

7.1                           ZA 

105 

4.4 

\20 

£\pu.!ia.NT  5. 

Pan  of  animal.                     Time  in  seconds. 

Add  peioiidc    Ncntnl  peroxide 
5  C£.  extract.         5  cc  extiact. 

15 

56                          S.6 

30 

S.4                       9« 

45 

9.6                        11.1 

Brain 

60 
T5 

106               ns 

13.4 

90 

IZO 

l(e 

.'               1« 

<^d5  in  extract  ns«L  mm 

IW                          105 

•  This  «ipcriiD«ni  .as  oiTied  oa>  wi-J.  froh  nbbit's  muscle. 
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CHEMICAL  STUDIES  ON  GROWTH. —  VIII.  THE  OC- 
CURRENCE OF  LIPASE  IN  EMBRYONIC  ANIM.^L 
TISSUES.* 

By  LAFAYETTE  B.  MENDEL  and  CHARLES  S.  LEAVENWORTH. 
\Frtim  thi  ShijffUld  Labwatfry  ef  Phjuiolegical  Chemitlry,    Yalt  C/Htiitrsily^ 

*  I  ""HE  possible  role  of  lipases  in  the  metabolism  of  fat  in  animal 
■*■  tissues  has  lately  attracted  the  attention  of  physiologists,  espe- 
cially since  the  kinetics  of  lipolytic  reactions  have  been  more 
carefully  investigated  and  their  reversible  nature  determined.*  Fat- 
spHtting  enzymes  are  known  to  be  widely  distributed  in  different 
organs;  and  the  lipolytic  power  is  by  no  means  restricted  to  the 
hydrolysis  of  the  true  fats,  but  has  been  found  to  exert  itself  upon 
a  variety  of  esters  of  mon~atomic  alcohols,  phosphatides,  and  re- 
lated compounds.  Since  embryonic  organisms  are  as  a  rule  con- 
sidered to  be  comparatively  deficient  in  the  enzymes  characteristic 
of  the  adult  forms,*  studies  of  the  occurrence  of  unorganized  fer- 
ments in  the  embryo  have  been  reported  in  earlier  papers  in  this 
series.  We  desire  now  to  add  the  results  of  a  study  of  the  ester- 
splitting  power  of  some  embryonic  tissues. 

Wohlgemuth  *  has  demonstrated  the  existence  of  lipase  in  the 
hen's  egg  and  located  the  enzyme  in  the  yolk.  Since  it  is  currently 
believed  that  fats  undergo  hydrolysis  prior  to  utilization,  the  dis- 

t  This  research  was  conducted  with  the  aid  of  a  grant  froni  [be  Caraegie 
InstitutioD  of  Washington. 

*  For  a  survey  of  the  general  literature  on  this  subject  consult  Kastle  and 
LoEVENHART :  American  chemical  journal,  1900,  xxiv,  p.  491  ;  Lobvbnhart  : 
This  journal,  1902,  vi,  p.  331  ;  Connstein  :  Ergebnisse  der  Physiologie,  1904,  iii, 
I,  p.  [94 ;  Taylor  :  University  of  California  publications,  Pathology,  1907,  i, 
p.  157. 

■  C^Pbever:  Spezielle  Physiologie  des  Embryo;  Leipsig,  1S85;  KRtJGER, 
(F) :  Die  Verdauungsfennente  beim  F.mbryo  und  Neugeborenen,  Wiesbaden, 
1891 ;  Vernon:  Journal  of  physiology,  I905,xxxiii,  p.  8[ ;  Buxton  and  Shaffer  : 
Journal  of  medical  research,  1905,  xiii,  p.  549. 

*  Wohlgemuth  :  Zeilschrift  fur  physiologische  Chemie,  1905,  xliv,  p.  540. 
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covery  of  lipase  in  the  egg  yolk  throws  light  upon  the  progressive 
loss  of  fat  reported  for  the  developing  egg  in  an  earlier  paper.' 
Buxton  and  Shaffer  *  reported  "  a  trace  of  lipase  "  in  very  small 
embryos  (pig,  rabbit,  sheep),  the  enzyme  content  apparently  in- 
creasing with  the  age  of  the  embryos.  In  the  adult  animals  Kastle 
and  Loevenhart  have  shown  that  the  hydrolysis  of  ethyl  butyrate  is 
readily  accomplished  by  many  tissues,  the  extracts  of  liver,  gastric, 
and  intestinal  mucosa  being  particularly  effective.  The  reaction  is 
inhibited  by  acids  and  many  of  the  common  antiseptics  used  in 
physiolt^cal  investigation.  Toluene  appears  to  be  least  objection- 
able in  this  respect,  and  has  therefore  usually  been  employed  to 
exclude  bacterial  action.  The  enzymes  act  most  favorably  at  40°  C. 
Profiting  by  this  experience,  we  have  followed  the  method  of  Kastle 
and  Loevenhart,'  using  ethyl  butyrate  as  the  zymolyte  and  10 
per  cent  "  turbid  "  extracts  of  the  tissues,  because  they  are  less 
sensitive  to  inhibitory  agents.  Liver  and  intestine  of  the  pig  were 
selected  as  most  likely  to  exhibit  the  comparative  content  of  lipase. 
Ten  grams  of  the  perfectly  fresh  tissue  were  ground  with  sand, 
extracted  with  water,  strained  through  cloth,  and  the  volume  made 
up  to  100  c.c.  The  initial  acidity  of  the  extracts  —  always  ex- 
tremely small  —  was  deducted  from  the  figures  obtained  for  the 
acidity  of  the  digestion  mixtures  at  the  end  of  each  trial.  Blank 
experiments  with  boiled  tissue  extracts  uniformly  failed  to  show 
any  increase  in  acidity.  An  illustrative  protocol  showing  the  con- 
ditions of  the  experiments  follows: 

'0.23  gm.  ethyl  but)Tate* 

e  extract  (embryo  liver) 
17  hours 

3.9  c.c.  «/30  KOH  required  to  neutralize 
resulting  acidity  =  9.8 per  cent  hydrolysb' 

Typical  results  are  summarized  in  the  table. 

*  Cf.  this  journal,  1908,  xxi,  p.  82. 

■  Buxton  and  Shaffer  :  Journal  of  medical  research,  1905,  xiii,  p.  549. 

*  Kasti^  and  Loevenhart  :  American  chemical  journal,  1900,  xxiv,  p.  491; 
LoKVENHART :  This  journal,  1902,  vi,  p.  337 ;  Loevenhart  and  others :  Journal 
of  biological  chemistry,  1907,  ii  (various  papers). 

'  0.23  gm.  ethyl  butyrate  =  0.26  c.c.  requires  39.7  c.c-  ff/zo  KOH  lo  neutralize 
the  acid  which  it  can  yield.  The  extent  of  hydrolysis  is  calculated  (aJter  correc- 
tion for  initial  acidity)  on  the  basis  of  these  figures.     Thus,  -^^  =  9.8  per  cent. 
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THE   HYDROLYSIS   OF  ETHYL  BUTYRATE   BY  TISSUE   EXTRACTS. 
<DigeitionB  at  39-40°  C.) 


LlVIK. 

Source  of  the  Extract. 

After  25  min. 

After  17  houia. 

50  millimetre  embryo.  1    .... 

1.0 

5.8 

75  millimetre  embryos  (a)    .    .    . 

1.0 

4.5 

75  millimetre  embryo*  (*)... 

OS 

53 

OS    1 

150  millimetre  embryos      .    .    . 

1.5 

4X1 

175  millimetre  embryos      .... 

1.3 

9.8 

215  millimetre  embryos      .... 

1.0 

9.6 

full  grown  pig  (a) 

13.4 

30.5 

full  grown  pig  (i) 

14.4 

26.7 

Intestine.* 

OS 

6S 

08 

3J) 

75  millimetre  embryos  (b)     ... 

0,8 

3X) 

125  millimetre  ^bryos      .... 

0.3 

U 

0.7 

4.0 

175  millimetre  embryos  (ai)   .    .    . 

43 

4.5 

215  millinjetre  embryos  (a,)   .    .    . 

2.3 

21S  millimetre  embryos  (a,)   .    .    . 

ZS 

full  grown  pig  (flj 

3J 

12.1 

full  grown  pig  (a^ 

3.5 

li3 

embryos  will  be 

found  in  Mendkl  and  Mitchell  :  This  journal,  1907,  ii 

p.  90. 

*  These  eiperimenU  were  nude  with  20  per  cent  extnL 

cts  of  the  tissues. 

The  entire  Intestine  was  used  in  the  case  of  the  embryos 

only  the  mucosa 

of  the  small  intestine  was  employed  from  the  adults. 

No  attempt  has  been  made  to  consider  the  possible  influence  of 
coenzymes  or  accelerating  agents  on  the  embryonic  extracts.  Nor 
have  we  endeavored  to  determine  whether  the  enzymes  concerned 
.  in  these  hydrolyses  are  identical.  Loevenhart  ■  believes  that  the 
action  of  at  least  the  liver  and  pancreas  on  all  of  the  esters  studied 

*  Loevenhart  :  Journal  of  biolc^cal  chemistry,  1907,  ii,  p.  427. 
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is  probably  attributable  to  a  single  enzyme  in  each  of  the  tissues, 
although  the  ester-splitting  enzyme  in  one  organ  may  differ  from 
that  in  another.  An  examination  of  the  results  presented  above 
gives  evidence  of  the  early  presence  of  lipase  in  the  liver  and  intes- 
tine of  the  embryo;  but  the  activity  of  the  extracts  of  these  tissues 
is  decidedly  less  pronounced  than  that  of  the  comparable  material 
from  the  full-grown  animal.  This  inferiority  cannot  be  ascribed 
to  the  lack  of  epithelial  development,  since  the  intestinal  lining  be- 
comes differentiated  early  into  a  specialized  cellular  structure,  in 
which  the  sugar-inverting  enzymes  are  easily  demonstrated,'*  How- 
ever, the  specific  organs  early  give  an  intimation  of  the  chemical 
outfit  with  which  they  are  endowed  more  richly  at  a  later  period. 

"  Cf.  this  journal,  1907,  xx,  p.  81. 
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CHEMICAL  STUDIES  ON  GROWTH. —  IX.  NOTES  ON 
THE  COMPOSITION  OF  EMBRYONIC  MUSCULAR 
AND  NERVOUS  TISSUES.^ 

Bv  LAFAYETTE   B.    MENDEL  and  CHARLES   S.  LEAVENWORTH. 

[Fran  lAf  Shiffield  Laboratary  of  Physiirlogical  Ckanistry,    Yali  Univiraty:\ 

'  I  ""HE  chemical  data  on  the  composition  of  developing  muscular 
•*■  and  nervous  structures  are  exceedingly  meagre.  We  have 
therefore  thought  that  some  of  the  details  ascertained  in  our  embryo- 
chemical  studies  might  have  sufficient  comparative  value  to  deserve 
being  recorded.  The  analyses  were  made  upon  parts  of  pig  em- 
bryos, structures  in  which  Bardeen  *  has  shown  that  the  various 
individual  muscles  of  the  trunk  become  distinct  while  the  embryo 
is  growing  from  13  to  30  mm.  in  length.  By  the  time  the  embryo 
has  attained  a  length  of  40  to  50  mm.  the  essential  internal  archi- 
tecture of  the  muscle  is  apparent.  A  separation  of  the  muscular 
and  connective  tissue  components  for  analytical  purposes  is,  of 
course,  impossible.  Neither  will  analyses  of  the  muscular  tissue 
at  this  formative  period  furnish  anything  more  than  approximate 
comparative  values,  since  it  is  impossible  to  estimate  what  propor- 
tion of  the  material  used  is  embryonic  connective  tissue.  Never- 
theless the  presence  or  absence  of  certain  typical  substances  throws 
some  light  on  the  metabolism  of  the  embryonic  tissue. 

Tlie  miter  contest  of  ambiyoiilc  mnMalar  and  narvoiu  tlHnm. —  It  is 
well  known  that  embryonic  tissues  have  an  exceptionally  high  water 
content.  For  the  muscular  parts  Jakubowitsch '  obtained  figures 
as  high  as  99.4  per  cent,  diminishing  gradually  to  81  per  cent 
toward  the  end  of  fcetal  life,  the  water  content  in  the  muscles  of 
full-grown  mammals  being  somewhat  lower  (75-80  per  cent).  In 
the  nervous  tissue  (brain),  also,  the  water  content  is  higher  during 

'  This  research  was  conducted  with  the  aid  of  a  grant  from  the  Carnegie 
Institution  of  Washington. 

*  Bardeen:  Contributions  to  the  science  of  medicine,  dedicated  to  W.  H. 
Welch,  1900,  p.  367. 

»  Jakobowitsch  :  Archiv  fiir  Kinderheilkunde,  1893,  iriv,  p.  355- 
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fcetal  life.  Supplementing  the  analyses  in  the  text-book  literature, 
we  can  add  the  following  estimations  made  on  the  brain  substance 
of  embryo  pigs  early  in  foetal  life.  Distinctions  between  white  and 
gray  matter  are  not  to  be  made  at  this  period. 

Size  of  embryo  Water  content  of  brain  ^ 

mm.  (average,  per  cent). 

50  90-3 


In  other  organs  there  are  similar  differences  between  the  foetal  and 
adult  tissues.    Thus  an  investigation  of  the  liver  of  the  pig  showed : 


Sizeofcmbiyo 

WMer  content  of  livei 

mm. 

35 

80^ 

5» 

8o.a 

75 

79-S 

100 

80.3 

ISO 

81. 1 

■75 

80.0 

FuU-grnim  animal 

sr.a 

CMatiM In •mbtyoniciniwcl*. —  Krukenberg'  detected  creatine  in 
the  muscles  of  the  fcetal  calf  at  varying  ages.  Creatinine  was  not 
found,  —  an  observation  in  accord  with  our  own  experience,  and 
that  of  Grindley  and  Woods  '  on  jrcsh  meats. 

After  having  demonstrated  the  presence  of  creatine  in  the  em- 
bryonic muscles  of  the  pig,  we  made  an  estimation  in  duplicate  in 
the  tissues  removed  from  the  back  and  pelvis  of  265  mm.  embryos. 
The  directions  of  Van  Hoogenhuyze  and  Verploegh  *  were  fol- 
lowed in  extracting  the  tissue  and  converting  the  creatine  to  creati- 
nine for  estimation  by  Folin's  method  with  the  Duboscq  colorimeter. 

*  The  estimations  were  made  by  drying  the  tissue  to  constant  weight  in  a 
vacuum  over  calcium  chloride.     This  usually  required  about  fifteen  days. 

'  The  pulped  tissue  was  weighed  to  tenths  of  a  gram  and  dried  to  constant 
weight  on  a  steam  bath. 

•  Krukenserg  :  Untersuchungen  aus  dem  physiol<^schen  Institut  der  Uni- 
versitat  Heidelberg,  1880,  iii.  p.  317. 

'  Grindley  and  Woods  :  Journal  of  biological  chemistry,  1906-1907,  ii,p.3io. 
'  Van  Hoogenhuyze  and  Verploegh:  ZeitschriftfiirphysiologiscbeChemie, 
1905,  xlvi,  p.  43Z. 
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The  average  creatine  content  thus  ascertained  was  0.03  per  cent.' 
In  the  muscles  of  the  full-grown  pig  Van  Hoc^nhuyze  and  Ver- 
ploegh  found  about  0,45  per  cent.  These  differences,  noted  at  a 
late  fcetal  period,  cannot  be  due  to  differences  in  water  content. 
Possibly  the  relative  preponderance  of  connective  tissue  will  account 
for  them,  or  they  may  be  associated  with  functional  conditions.  It 
is  interesting  to  note  in  this  connection  that  Dorner^"  has  found 
the  "total  creatinine"  content  in  young  rabbits  to  be  tower  (0.3 
per  cent)  than  that  of  older  animals  (0.4  per  cent). 

Th»  pnrinea  of  embryo  mnKle.  —  Kossel  **  showed  long  ago  that 
the  embryonic  muscle  of  cattle  is  distinctly  richer  in  guanine  than 
is  the  corresponding  adult  tissue.  His  figures  obtained  by  older 
methods,  without  consideration  of  adenine,  were: 

Guanine  Hypoxanthine  Xanthine 

per  cent.                  per  cenL  per  cent 

Embryooic  muscle   ,     .     .     0.044                    0.038  0.012 

Adult  muscle      ....     0.005                  '^■'^53  0.012 

This  difference  is  ascribed  to  the  comparative  richness  of  the  em- 
bryonic tissue  in  nuclear  material.  During  our  attempts  to  ascer- 
tain whether  the  synthesis  of  nucleic  acid  in  the  embryo  is  ac- 
complished with  the  same  purine  bases  as  are  obtainable  later  from 
the  tissue,  100  mm.  pig  embryos  were  examined.  The  heads  and 
viscera  were  removed,  and  the  remaining  tissue  comminuted  and 
heated  with  5  per  cent  sulphuric  acid  until  the  solution  no  longer 
gave  the  biuret  reaction.  The  isolation  of  the  purines  was  effected 
by  -Levene's  method."  Thirty  embryos,  treated  as  described, 
yielded : 

Guanine  hydrochloride  .  .  0.137  g"™-  (")  =  o-og^  gm.  guanine 
Adenine  picrate  ....  0.185  gm.  (")  =  0.065  gm.  adenine 
Hypoxanthinc  nitrate  .     .     .     0-057  gm.        =  0.029  P"-  hypoxanthine 

These  substances,  of  course,  represent  the  total  purine  content  of 
the  tissue.     Some  idea  of  the  character  of  the  free  purines  was 

*  These  estimations  were  made  by  Mr.  H.  S.  Turrill. 
"  DoRNKR  ;  Zeitschrifl  fiir  physiologische  Chemie,  1907,  lii,  p.  263. 
"  Kossel  :  Zeitschrift  fiir  physiologische  Chamie,  1884,  viii,  p.  407. 
I*  Levbne  ;  This  journal,  1904-1905,  xii,  p.  276. 

"  C.H,NtO  ■  HCl  ■  2H,0  ;  H,0  =  16.  3  per  cent:  calculated,  16.1  per  cent. 
"  M.  p.  282°  C. 
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obtained  by  examining  the  water  extracts  of  about  5  kilograms 
of  eviscerated  pig  embryos  of  175-200  mm,  length  by  the  Kriiger- 
Schmid  method.  0.04  gm.  hypoxanthine  nitrate  —  0.025  gm,  hy- 
poxanthine  was  obtained.  The  same  quantity  of  adult  pig  muscle 
yielded : 

Guanine  hydrochloride     ....     0.037  gm. 

Hypoxanthine  nitrate  '*.,..     0.059  S"*- 

Krukenberg**  long  ago  demonstrated  the  presence  of  free  hypo- 
xanthine in  the  muscles  of  fostal  calves. 

The  preponderance  of  adenine  and  guanine  in  the  entire  tissue 
corresponds  with  the  experience  gained  with  other  organs.*^  Free 
hypoxanthine  is  found  in  the  embryonic  as  in  the  adult  muscle.  It 
is  interesting  to  note  that,  according  to  Krukenberg,*®  in  the 
selachians  which  contain  an  abundance  of  urea  in  their  muscular 
tissue,  the  latter  substance  is  also  found  in  the  embryonic  forms. 

iiaetic&cid.  —  The  occurrence  of  lactic  acid  in  muscle  tissue  has 
recently  been  carefully  investigated  by  Fletcher  and  Hopkins." 
They  have  shown  that  in  freshly  excised  resting  amphibian  muscle 
only  small  amounts  of  lactic  acid  are  found,  —  possibly  not  more 
than  can  be  accounted  for  by  manipulation  prior  to  extracticm. 
Lactic  acid  is  spontaneously  developed,  under  anaerobic  conditions, 
in  excised  muscles.  In  the  presence  of  oxygen,  however,  this  sur- 
vival development  is  inhibited,  or  lactic  acid  may  be  made  to  dis- 
appear. The  evidence  points  to  a  relationship  between  lactic  acid 
and  intermediary  muscular  metabolism.  We  have  sought  for  evi- 
dences of  lactic  acid  in  embryonic  muscular  tissue,  by  the  familiar 
method  of  extraction  with  water,  ether,  and  the  formation  of  the 
zinc  salt.  Fifty-nine  hundred  grams  of  body  tissue  (muscle  and 
connective  tissue)  of  175-200  mm,  pig  embryos  yielded  0.0075  g™- 
zinc  lactate.  In  a  comparable  experiment  with  fresh  adult  pig 
muscle,  5100  gm.  yielded  0,302  gm.  zinc  paralactate  (HgO  =^  12.9 
per  cent). 

I'  This  was  united  with  that  obtained  from  the  embryos  and  analyzed.  CfHfNtO 
■  HNO,  ■  H,0  ;  N  =  32.1  per  cent;  calculated,  32.2  per  cent. 

"  Krukenberg:  Untersuchungen  aus  dem  physiologischen  Inslitut  der  Uni- 
versitat  Heidelberg,  1880,  iii,  p.  217. 

"  Cf.  This  journal,  1907,  xx,  p.  102  ff, 

"  Krukekberg:  Vergleichende-physiologische  Vortrage,  1886,  v,  p.  314. 

"Fletcher  and  Hopkins:  Journal  of  physiology,  1906-1907,  xxxv,  p. 
247. 
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The  lipoids  of  tb«  nnrrouB  Unne.  —  The  lipoid  content  of  the  em- 
bryonic brain  has  already  been  studied  in  fcetal  calves  by  Raske.*** 
Our  examination  of  the  brain  substance  of  the  embryo  pig  at  early 
ages  corroborates  his  findings  and  need  not  be  reported  at  length. 
Raske  failed  to  find  cerebrins,  which  are  evidently  associated  with 
the  medullary  sheaths  of  the  nerve  fibres  and  conspicuous  in  "  white 
matter."  Since  the  sheaths  do  not  develop  until  late  in  foetal  or 
early  in  post-embryonic  life,  the  absence  of  cerebrins  is  typical  of 
the  lack  of  white  matter."  As  Raske  remarks,  the,  embrytmic 
brain  evidently  furnishes  nervous  tissue  devoid  of  white  matter, 
and  may  therefore  afford  a  good  source  of  pure  "  gray  substance  " 
for  investigation.  Following  Koch's  method,'^  we  were  unable  to 
detect  cerebrins  in  the  brain  during  fcetal  life. 

Raske  found  cholesterol  present  in  the  brains  of  the  fcetal  calves 
examined.  We  have  analyzed  the  brains  of  pig  embryos  at  early 
ages  by  Ritter's  method''  with  the  following  results: 


.SiMOf 

emb^o. 

NumUr  of 
brains  uied. 

Weight. 

Dry  solids. 

Cholesterol. 

100 

260 
120 

158 
204 

ISA 
22St 

0.375 
0.%7 

twau 

2.4 

4.4 

The  comparatively  low  content  of  cholesterol  is  likewise  character- 
istic of  the  gray  matter  of  the  brain.'* 

Summary. 

Analytical  data  are  presented  giving  further  evidence  of  the 
comparatively  high  water  content  of  embryonic  tissues. 

Creatine  is  present  in  the  embryonic  muscle,  the  content  being 
considerably  lower  than  in  full-grown  animals. 

Among  the  purine  bases  obtainable  from  embryonic  muscular 
structures,  adenine  and  guanine  prepcMiderate  as  in  other  organs. 
Hypoxanthine  is  found  free  in  the  tissue,  as  in  adult  life. 

"  Ra5X£  :  Zeitschrift  fijr  physiologische  Chemie,  1S86,  x,  p.  340. 

**  Cf.  Koch's  analyses  of  nervous  tissues  >  This  journal,  1904,  xi,  p.  303. 

"  Koch  :  Loe.  cil.,  p.  313. 

*■  RiTTEit :  Zeitschrift  fur  physiologische  Chemie,  1901,  jcxxiv,  p.  456. 

•♦  Cf.  Koch  :  Loe.  cit. 
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Lactic  acid  can  be  sq>arated  from  embryonic  muscular  tissue, 
but  in  exceedingly  small  amount. 

The  distribution  of  lipoids  in  the  embryonic  brain  resemble?  that 
in  "  gray "  matter.  Cholesterol  is  present  at  the  earliest  periods, 
while  cerebrins  are  entirely  absent. 
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I.  The  Problem  of  the  Inorganic  Salts. 

nr*HE  inorganic  salts  are  constant  constituents  of  the  protozoan 
•*■  cell  and  of  all  the  media  in  which  these  animals  naturally 
occur.  In  this  respect  the  protozoan  and  its  environment  do  not 
differ  from  the  mammalian  cell  surrounded  by  its  salt  media.  The 
same  problem  of  the  function  of  the  inorganic  salts  presents  itself 
in  both  groups.  Biolc^cal  experiment  has  shown  that  the  salts  are 
necessary  for  the  growth  and  development  of  the  cell.  In  a  previous 
paper  (Peters  :04)  I  have  shown  the  close  relation  between  the 
presence  of  these  salts  in  the  medium  and  the  process  of  cell  division 
in  certain  protozoa.  Whether  the  ordinary  metabolic  functions  of 
a  cell  can  be  continued  in  a  medium  of  pure  distilled  water,  i.  e.,  in 
the  absence  of  an  external  supply  of  these  salts,  is  a  question  which 
apparently  will  receive  a  different  answer  according  to  the  cell  under 
investigation.  Without  entering  into  details  it  may  be  said  at  once 
that  for  the  protozoan  cell,  especially  Paramsecium,  the  accounts 
given  are  conflicting.  In  the  work  here  described  this  question  has 
been  further  tested  with  positive  result,  although  the  information 

'  Read  in  the  sectioo  on  Comparative  Physiology  of  the  Seventh  International 
Zoological  Congress,  Boston,  Mass.,  August,  1907- 
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contributed  from  these  experiments  regarding  the  function  of  the 
inorganic  salts  is  of  an  indirect  and  general  character.  The  abstrac- 
tion of  salts  by  distilled  water  is  simply  an  introductory  step  in  the 
general  problem  of  their  function. 

A  few  references  to  literature  regarding  the  use  of  distilled  water 
with  Paramiecium  may  here  be  given.  Jennings,  '97,  p.  272,  found 
that  Paramiecia  "  live  in  the  distilled  water  for  weeks,"  and  he 
observed  their  increased  sensitiveness  to  experimental  treatment 
when  the  animals  had  been  subjected  to  distilled  water.  No  evi- 
dence is  given  regarding  the  condition  of  the  water  during  the  time 
the  organisms  continued  to  live  in  it.  Miss  Towle,  105,  p.  221,  in 
regard  to  distilled  water,  says :  "  Two  further  distillations  made 
in  glass  rendered  it  perfectly  harmless,  and  Paramsecia  often  lived 
in  it  without  food  for  weeks  at  a  time."  No  data  are  given  per- 
taining to  the  condition  of  the  water  after  the  animals  had  lived 
in  it  for  some  time.  Barratt,  105  a,  p.  68,  and  105  b,  p.  78,  kept 
Paramajcia  in  distilled  water,  whose  origin  is  not  described,  for 
from  three  to  twenty-four  hours,  in  some  cases  changing  the  water 
before  using  the  animals  for  experimental  purposes.  Greeley,  :o4, 
p.  ro,  included  distilled  water  among  the  non-electrolytes  which 
liquefy  and  presumably  destroy  protoplasm  "through  the  absorp- 
tion of  water."  According  to  Miss  Towle,  :o5,  p,  222,  the  water 
Greeley  "  used  was  not  redistilled  in  glass."  These  references  show 
that  the  action  of  distilled  water,  especially  upon  unicellular  organ- 
isms, requires  further  investigation. 

II.  Method  and  Results  of  Experiments  with 
Distilled  Water. 

The  use  of  distilled  water  as  a  medium  for  living  organisms  has 
been  frequent  in  biological  experimentation.  It  is,  however,  evident, 
from  the  descriptions  given,  especially  those  dealing  with  the  pro- 
tozoa, that  the  conception  of  the  physicist  and  the  chemist  of  what 
is  meant  or  should  be  meant  by  the  term  "  distilled  water  "  has  not 
always  been  rigidly  adhered  to  in  biological  work.  It  is  manifestly 
erroneous  to  conclude  from  experiment  that  organisms  continue  to 
live  in  distilled  water  if  the  conditions  of  the  experiment  are  not 
such  as  to  exclude  contamination  of  the  water  originally  obtained 
by  distillation,  by  the  very  presence  in  it  of  the  objects  of  experi- 
ment.    Since  the  chances  for  such  contamination  by  the  natural 
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processes  of  living  cells  are  very  gpreat,  the  experimenter  who 
draws  the  above  conclusion  cannot  escape  the  obligation  to  demon- 
strate objectively  the  condition  of  the  water  during  and  after  the 
period  under  consideration  in  which  it  has  been  inhabited  by  living 
organisms.  Water  may  correspond  to  the  description  of  distilled 
water  at  the  moment  of  beginning  an  experiment,  but  it  may  be  no 
longer  in  ihis  condition  after  an  interval  of  a  minute.  The  liability 
to  error  is  here  so  great  that  inference  cannot  be  substituted  for 
demonstration.  Still  more  is  this  true  in  view  of  the  fact  that  we 
possess  very  precise  methods  for  the  investigation  of  distilled  water. 
The  experiments  here  to  be  described  were  planned  with  the  purpose 
of  subjecting  living  protozoan  cells  to  the  continuous  action  of 
distilled  water  and  of  demonstrating  the  condition  of  this  water 
during  the  cours?  of  the  experiment.  The  result  briefly  stated  was 
that  the  unicellular  organisms  so  tested  could  not  continue  to  live 
in  water  whose  purity  corresponded  to  the  description  to  be  given. 

For  physiological  purposes  the  term  "  distilled  water  "  may  be 
taken  tb  signify  the  purest  water  obtainable  in  contact  with  air  of 
average  purity.  Absolute  HjO,  necessarily  prepared  and  used  in 
v.:nio.  is  not  contemplated  in  these  experiments.  On  the  other 
hand,  the  extent  to  which  absorption  of  both  the  gaseous  and  sus- 
pended normal  constituents  of  an  ordinary  atmosphere  is  included 
ought  to  be  indicated  by  some  form  of  measurement  rather  than  to 
be  made  a  matter  of  definition.  As  a  matter  of  fact,  in  all  the 
physiological  experiments  with  pure  water  thus  far  made,  the  essen- 
tial principle  involved  was  that  the  water  described  as  distilled  or 
pure  should  be  free  from  all  constituents  not  originating  from  a 
normal  atmosphere.  The  principal  contamination  thus  excluded 
consisted  of  dissolved  solid  matter,  especially  the  inorganic  salts. 
Indeed  the  motive  for  these  experiments  was  almost  always  to 
determine  the  effect  of  the  withdrawal  of  the  salts  which  belong  to 
physiologically  normal  conditions.  This  also  has  been  the  purpose 
in  the  experiments  which  I  shall  describe,  and  hence  the  definition 
of  distilled  water  ahovt  given.  The  important  point  in  my  experi- 
ments is  that  the  water  is  to  be  maintained  in  its  condition  of  original 
purity,  or  its  deviation  therefrom  is  to  be  exhibited  by  measurement. 

I  shall  next  describe  the  preparation  of  the  water  here  used.  In 
view  of  the  objective  test  to  be  applied  at  all  stages  of  my  experi- 
ments to  the  water  in  use.  it  is  not  necessary  to  review  in  detail  here 
the  literature  on  the  preparation  of  distilled  water  by  both  chemists 
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and  biologists.  We  need  only  refer  to  Kohlrausch  und  Holbom, 
'98,  pp.  111-115,  and  the  references  there  given,  also  to  Bullot,  :o4, 
pp.  199-217;  Lyon,  :o4,  pp.  198-202;  Locke,  '95,  pp.  319-331. 
Giving  due  weight  to  the  results  obtained  by  these  investigators, 
I  adopted  Jena  glass  as  a  sufficiently  safe  material  for  my  purpose, 
and  under  the  conditions  of  my  experiments  for  the  distillation  and 
storage  of  water.  The  apparatus  for  distillation  consisted  of  a  tin 
boiler  connected  with  a  condenser  of  Jena  glass,  and  collecting  flasks, 
also  of  the  latter  material.  The  connection  between  boiler  and 
condenser  was  so  made  as  to  make  the  spurting  over  of  liquid  into 
the  condenser  practically  impossible.  The  tin  boiler  was  wrapped 
with  asbestos  except  on  its  bottom.  When  the  apparatus  was  first 
set  up,  in  addition  to  ordinary  chemical  cleaning,  it  was  subjected  to 
a  thorough  steaming  without  other  than  air  cooling  of  the  condenser. 
At  all  times  the  quality  of  the  water  produced  was  regarded  as  the 
best  evidence  of  the  condition  of  the  apparatus.  A  distillation  was 
begun  with  the  laboratory  supply  of  ordinary  once  distilled  water. 
The  boiler  was  nearly  filled,  and  then  an  excess  of  solid  barium 
hydroxide  was  added.  The  orifice  of  the  boiler  for  the  introduc- 
tion of  water  was  left  open  until  the  whole  content  had  been  well 
boiled.  It  was  then  closed,  and  the  distillate  was  collected  from 
the  condenser  in  Jena  flasks,  which  were  changed  at  intervals.  From 
time  to  time  the  electrical  conductivity  of  the  distillate  was  deter- 
mined by  the  Kohlrausch  method,  using  unplatinized  electrodes. 
The  conductivity  of  the  first  portions  distilled  over  was  high,  even 
higher  than  that  of  the  original  once  distilled  water.  It  was  ob- 
served that  it  was  necessary  to  boil  away  about  one  fourth  of  the 
original  quantity  in  order  to  obtain  water  of  low  conductivity,  c.  g., 
from  3  to  I  X  10"^  reciprocal  ohms.  The  best  water  came  from 
the  latter  half  of  the  distillation,  and  the  last-  fourth  of  the  quantity 
placed  in  the  boiler  was  not  distilled.  The  taking  of  samples  at  fre- 
quent intervals  for  conductivi.ty  tests  was  never  neglected,  and  the 
conductivity  of  the  total  quantity  in  a  single  Jena  flask  for  storage 
was  always  taken,  both  at  the  beginning  of  the  period  of  storage  as 
well  as  immediately  before  use  in  experiments.  The  water  was  not 
stored  more  than  a  few  days  before  use.  The  storage  flasks  were 
co\-ered  with  inverted  beakers  and  set  away  from  dust  and  air 
currents.  It  was  found  that  little  or  no  deterioration  occurred  dur- 
ing storage.  The  water  was  permitted  to  drop  a  few  inches  from 
the  end  of  the  condenser  into  the  collecting  flask.    The  method  of 
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collection  and  storage  insured  the  aeration  which  was  desirable  for 
physiole^ical  experiment. 

Water  of  determined  quality  having'  been  prepared,  the  next  prob- 
lem was  that  of  its  application  to  living  cells.  In  a  former  study, 
Peters,  :o4,  pp.  449,  475-479,  503-504,  I  placed  the  organisms  in 
the  same  test  cell  which  was  used  to  measure  the  electrical  conduc- 
tivity of  the  contained  liquid,  and  I  took  these  measurements  at 
intervals  of  a  few  minutes.  The  result  clearly  showed  that  the  dis- 
tilled water  with  which  the  experiments  began  did  not  remain  in 
that  condition,  but  underwent  a  progressive  contamination,  as 
shown  by  the  regularly  increasing  conductivity  of  the  medium 
during  a  period  of  one  hour.  The  control  showed  practically  no 
change  in  its  conductivity.  The  animals  survived  the  experiment, 
which  had  been  undertaken  to  test  their  permeability,  and  it  is  evi- 
dent that  this  method  is  not  well  adapted  to  test  the  question  whether 
the  animals  can  live  continuously  in  distilled  water.  In  spite  of  the 
control  the  presence  of  the  platinum  may  be  harmful  (Locke,  '95) 
if  prolonged.  If  the  contaminated  medium  could  be  removed  and 
replaced  with  sufficient  frequency,  and  conductivity  tests  taken  as 
frequently,  the  desired  end  could  be  accomplished.  This  method 
was  easily  applied  by  the  use  of  a  centrifuge.  The  apparatus  em- 
ployed was  a  hand  centrifuge  carrying  four  graduated  glass  tubes 
of  15  C.C.  capacity  each.  Its  rate  of  revolution  was  easily  regulated 
to  a  known  number  of  revolutions  per  minute,  ranging  from  a  few 
hundred  to  about  two  thousand.  High  speed  was  not  desirable, 
owing  to  the  considerable  compression  to  which  it  Subjected  the 
animals  in  the  bottom  of  the  glass  tubes,  A  rate  of  between  500 
and  1000  revolutions  per  minute  was  found  sufficient  to  so  concen- 
trate the  objects  used  in  the  bottom  of  the  glass  tubes  as  to  permit 
of  pouring  off  14  c.c.  of  the  15  c,c.  contained  in  it  without  loss  of 
animals,  provided  the  pouring  ofF  was  done  immediately  after  stop- 
ping the  centrifuge.  If  after  centrifuging  at  a  rate  just  sufficient 
to  collect  all  suspended  objects,  whether  animate  or  inanimate,  in  a 
gently  compressed  mass  at  the  bottom,  the  tube  was  then  allowed  to 
stand  at  rest  for  some  time,  the  living  protozoa  could  be  seen  rising 
from  the  bottom  like  a  cloud.  The  objects  used,  Paramjecia  and 
Stentor,  are  visible  to  the  naked  eye.  The  debris  of  course  remained 
at  the  bottom,  and  that  portion  of  the  medium  containing  the  living 
animals  could  then  be  easily  poured  off  into  another  clean  glass  tube 
of  the  same  construction.    This  proved  to  be  a  most  excellent  method 
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of  obtaining  animals  free  from  the  debris  naturally  occurring  with 
them  in  their  culture  liquid.  For  this  purpose  the  first  few  centri- 
fugings  of  an  experiment  were  carried  on  with  the  animals  in  their 
original  culture  liquid,  for  they  rise  less  easily  after  they  have  been 
treated  with  distilled  water.  But  after  any  centrifuging  in  which 
moderate  speed  has  not  been  exceeded  the  animals  if  stili  alive  may 
be  induced  to  rise  from  the  bottom  by  gently  rolling  the  tube  be- 
tween the  hands.  Thus,  after  a  few  centrifugings  and  by  pouring 
from  one  tube  into  another,  I  obtained  the  animals  free  from  sus- 
pended debris  and  in  their  original  culture  liquid.  After  the  animals 
had  become  uniformly  distributed  by  pouring  or  by  rolling  the  tubes, 
a  portion  was  examined  very  carefully  for  evidence  of  injury  by 
the  process  itself  of  centrifuging.  No  evidence  of  injury  could  be 
obtained  by  optical  examination.  In  fact,  I  have  every  reason  to 
think,  and  still  further  evidence  to  adduce,  that  all  the  centrifugings 
to  which  the  animals  in  these  experiments  were  subjected  produced 
no  changes  outside  the  limits  of  normal  physiological  variation  of 
functional  activities.  Numerous  observations  of  workers  with  these 
organisms  indicate  that  thej-  are  of  a  most  susceptible  organization. 
I  merely  wish  to  assert  that  the  kind  of  centrifuging  I  applied  did 
not  produce  pathological  specimens,  although  it  may  have  influenced 
to  a  slight  degree  their  normal  physiological  processes.  In  the 
record  given  below  of  these  experiments  there  will  always  be  given 
also  the  record  of  a  control  tube  containing  animals  in  their  natural 
culture  medium,  freed  from  debris.  This  tube  always  received  the 
same  centrifugings  in  number,  rate,  and  duration  as  the  test  speci- 
mens in  distilled  water.  In  fact,  the  control  tube  and  those  for  the 
tests  with  distilled  water  were  always  carried  together  at  the  same 
time  upon  the  centrifuge,  which  had  four  receptacles  for  them. 
These  control  tubes  were  always  rolled  or  poured  when  the  test 
specimens  were  subjected  to  the  same  treatment.  It  is  scarcely 
necessary  to  add  that  neither  corks  nor  fingers  were  allowed  to  come 
in  contact  with  any  of  the  media  under  experiment.  These  liquids 
came  in  contact  only  with  glass,  air,  and  the  experimental  animals. 
The  animals  of  these  control  tubes  were  examined  during  and  after 
the  experiments,  and  were  found  wholly  unchanged  in  so  far  as 
direct  observation  could  determine.  In  fact,  they  lived  in  these 
same  tubes  for  days  after  the  experiments.  Having  prepared  as 
above  described  a  sufficient  quantity  of  animals  in  their  natural  cul- 
ture medium  and  free  from  debris,  they  were  concentrated  by  the 
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sam*  process  of  centrifuging  so  as  to  get  a  large  number  of  organ- 
isms into  a  small  volume.  Of  this  liquid,  in  which  they  were  uni- 
formly distributed,  portions  were  poured  into  the  glass  tubes  of  the 
centrifuge,  one  of  the  tubes  being  marked  as  the  control,  the  others 
being  destined  for  treatment  with  distilled  water.  At  the  begin- 
ning of  an  experiment  the  electrical  conductivity  was  measured  of 
the  particular  sample  of  distilled  water  which  was  to  be  used,  and 
also  of  the  original  culture  liquid  from  which  the  animals  were 
derived.  Numerous  centrifugings  then  followed,  as  indicated  in  the 
tables  below.  After  each  centrifuging  14  c.c.  of  the  15  c.c.  con- 
tained in  a  tube  was  immediately  poured  off  trom  the  test  specimens, 
and  this  was  replaced  by  14  c.c.  of  the  original  distilled  water  of 
known  conductivity.  The  portion  poured  off  was  immediately  used 
for  a  conductivity  measurement,  provided  the  condition  of  the  ani- 
mals indicated  the  advisabiHty  of  making  fiuch  measurement.  As 
soon  as  the  tube  had  been  refilled  the  animals  were  uniformly  dis- 
tributed as  previously  described,  and  then  a  small  portion  or  the 
whole  was  poured  off  into  a  shallow  flat-bottomed  watch  glass.  An 
optical  examination  was  now  made  with  a  Zeiss  binocular  and  also 
with  the  compound  microscope.  Morphological  detail  could  not  be 
sought  in  the  short  time  available  between  centrifugings.  Only 
the  gross  effects  were  observed,  and  the  attention  was  directed 
especially  to  changes  of  a  physiological  character  such  as  those  of 
movement.  The  changes  observed  are  recorded  in  the  following 
tables.  The  control  tubes,  which  ran  parallel  with  the  tests,  were 
treated  as  above  described. 

In  the  following  tables  the  first  column  shows  the  number  of  the 
centrifuging  in  serial  order.  The  second  colunln  records  the  time 
at  which  the  respective  centrifuging  ceased.  In  the  third  column 
is  given  the  electrical  conductivity  in  reciprocal  ohms  X  10^.  The 
conductivity  given  opposite  centrifuging  No.  o  in  each  table  is  that 
for  the  distilled  water  which  was  used  throughout  the  given  experi- 
ment to  refill  the  tubes  after  pouring  out  14  c.c.  of  their  content. 
In  the  fourth  column  is  given  a  rough  description  of  the  condition 
of  the  animals  which  were  examined  at  the  intervals  indicated.  The 
conductivity  measurements  were  made  at  18°  C. 
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TABLE  I. 
Pakam^ccu  and  Distilled  Water, 


No.  of 
eentri- 
f-gbg. 

Time. 

Electrical 
conduc- 

livily 
IXIC. 

Condition. 

0 

1 

lais 

2J 

2 

3 

4 

5 

1030 
1033 

No  visible  change. 

6 

7 

1035 
ia45 

Locomotion  alow.    Swelled  in  middle. 

tl 

ia48 

9 
10 

laso 
loss 

8.9 

Those  living  show  slow  locomotion. 

11 

\\sx> 

Very  few  illve.     Much  swelled. 

12 

11.05 

All  dead.     Most  forms  dUintegrated. 

13 

11.10 

All  disintegrated. 

14 

11.15 

7.9 

The  control  examined  at  centrifugings  Nos.  6,  9,  and  14  showed 
all  the  animals  alive  and  normal.  The  animals  were  raised  in  cul- 
ture No.  6-3-8,  the  chemical  data  of  which  I  have  described  in  some 
detail  in  Peters,  :oy,  pp.  443-477.  The  obser\'ed  conductivity  of 
this  culture  liquid  was  X  =  643  X  lo"*.  Methyl  orange  alkalinity 
=  3.95  c.c.  of  0.0102  m,  HCl  for  5  c.c.  of  culture  liquid. 
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TABLE   II. 
fk^jMXCXh  AND  Distilled  Water. 


No.  of 
fuging. 

Time. 

Electrical 
conduc. 

tivity 
ZX10«. 

Condition. 

0 

1 

ia40 

3.0 

2 

3 

4 
S 

IftSO 

lOJS 

6 
7 

11.00 
IMS 

No  visible  change- 

8 

11.20 

9 

11.25 

4.S 

Locomotion  slowed. 

10 

11.30 

11 

1U2 

12 
13 

lUS 

11.40 

laiged  vacuole*.     Swelled  in  middle. 

14 

11.45 

15 

11.46 

16 
17 

11.48 
1.20 

45 
9.0 

No  locomotion.  Little  wabbling.  Much  swelled. 
Enlarged  vacuole*. 

All  dead.  ProlMblT  died  sooner.  Foncs  half  dis- 
integrated. 

The  conductivity  of  No.  17  was  taken  with  the  dead  animals  in  it. 
Control  was  alive  and  normal.  C(Midu^ivity  of  original  culture 
liquid  =  616  X  lo"^.  Methyl  orange  alkalinity  =  3,9  c.c.  of  0.0102 
m.  HQ  for  5  c.c  of  culture  liquid. 
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TABLE  in. 
Pakauacia  and  Distilled  Water. 


No.  of 
cenlri- 

Time. 

Electrical 

tivit; 
XXIO*. 

Condition. 

0 
1 

9J5 

2.8 

2 

9.39 

3 

9.43 

4 
S 

9.4J 
9.47 

No  visible  chai^. 

6 

9i2 

Locomotion  slightly  sluggish. 

7 

9J5 

8 

958 

9 

10.09 

3.5 

no 

1012 

Locomotion  sluggish.     Vacuoles  enlarged. 

11 

lais 

12 

13 

10.18 
10.25 

8.0 

All  forms  stUl  whole.    Few  motionless.     Vacuole* 
enUrged. 

14 

10.28 

Same  as  No.  12. 

15 

1033 

16 

17 

10J7 

10.47 

ao 

Matty  dead.    Those  liring  show  wabbling   move- 
ment (not  locomotion). 

18 

lOJO 

About  same  as  No.  16. 

19 

lOJS 

20 

11.00 

21 

11.15 

Some  disintegration.    Many  dead. 

22 

11.20 

23 

11.25 

Same  as  No.  21. 

24 

11.30 

25 

1U5 

26 

11.37 

27 

11.40 

28 

11.42 

Very  few  alive. 

29 

11.45 

30 

11.48 

73 

All  dead. 

Control  was  alive  and  normal. 
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TABLE   IV. 

AND  DiSTILLBD  WaTBS. 


No.  of 

Time. 

Electrical 
condac- 

«*x'iV 

Condilion. 

0 
1 

10.00 

2.7 

2 

1002 

Settled  iipidly  to  bottom. 

3 

10.05 

No  further  change. 

4 

10.10 

S 

iai5 

.    Slaggish  locomotion.    No  fonn  changea. 

6 

10.18 

7 

10.22 

Same  as  No.  S. 

8 

iaa7 

9 

1030 

10 

1036 

11 
12 

1040 
10.44 

About  one  fourth  of  the  number  dead.    DUinte- 
gration.     Sluggi.h. 

13 

1047 

Many  dead.     IJTing  are  of  irregular  outlbe. 

14 

10S4 

15 

10.57 

16 

11.05 

Very  few  living.    Disintegration. 

17 

11.10 

About  12  still  living. 

IS 

11.15 

About   6  slill  living. 

19 

11.20 

About    4  atill  living. 

20 

IIJO 

About    4  etill  living. 

21 

2.00 

4.0 

Ail  dead.    Probably  died  sooner. 

Control  was  alive  and  nonnal.  Conductivity  of  the  original  cul- 
ture liquid  was  X  =  565  X  10"^.  Methyl  orange  alkalinity  = 
3.9  C.C.  of  0.0102  m,  HCl  for  5  c.c  of  culture  liquid. 
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TABLE   V. 
Stbhtor  ccekuleus  and  Distilled  Water. 


No.  of 

lime. 

Electrical 
conduc- 
tivily. 

ixfo*. 

Condition. 

0 

3.0 

1 

10-30 

2 

10.35 

No  visible  change. 

3 

ia40 

4 
5 

10.44 
10.47 

Enlarged  vacuoles.    Sluggish. 

6 
7 

10.50 
10.58 

Few  dead.    Slug^h. 

8 
9 

10.59 
11.03 

Half    the    number    dead.      Many  di.inwgratmg. 

Sluggish. 

10 

11.05 

Many  dead.    Disintegration.     Sluggish. 

n 

11.07 

12 

11.10 

Three  fourths  of  the  number  disintegrated. 

13 

11.12 

14 

lUS 

Nearly  all  disintegraied.     Few  alive. 

15 

11.20 

All  but  very  few  disintegrated. 

16 

11.25 

All  but  very  few  dead. 

17 

1130 

All  dead.    Nearly  ali  diBinlegrated. 

18 

lUS 

SX) 

AU  dead.     All  dUinlegraled. 

Control  was  alive  and  normal. 

It  should  be  noted  that  the  glass  tubes  in  which  the  animals  were 
centrifuged  and  the  watch  glasses  in  which  they  were  kept  for 
periods  of  time  to  be  reckoned  in  very  few  minutes  were  not  made 
of  Jena  glass.  However,  the  results  of  the  experiments  are  not 
vitiated  by  this  fact.  Control  experiments  were  made  with  the  same 
glass  vessels  and  with  the  same  distilled  waters.  These  control  tests 
extended  over  longer  periods  than  the  experiments  with  animals. 
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No  contamination  of  the  water  could  be  detected  by  the  conductivity 
test.  All  the  glass  vessels  used  were  old,  had  been  frequently  cleaned 
with  sulphuric  bichromate  and  other  agents.  It  is  well  known  that 
the  resistance  of  the  surface  of  good  glass  becomes  improved  with 
continued  use.  No  appreciable  contamination  of  the  water  occurred 
under  the  conditions  of  these  experiments,  and  especially  is  there  no 
extraneous  source  for  the  emanation  of  toxic  constituents.  What- 
ever effects  have  been  produced  must  be  attributable  to  the  pure 
condition  of  the  water  itself,  i.  e.,  to  the  absence  of  the  ordinary  con- 
stituents of  water  or  of  the  o;"iginal  culture  liquid. 

As  shown  by  the  tables  just  given,  the  effect  of  treating  the  free- 
living  cells  of  Paramjecium  and  Stentor  with  distilled  water  in  the 
manner  described  is  the  destruction  of  the  cell  within  a  short  period 
of  time.  With  Stentor  I  obtained  practically  the  same  result  in  a 
former  investigation  (Peters,  :o4,  pp.  476,  504),  but  the  methods 
then  used  involved  the  objectionable  condition  of  leaving  the  animals 
in  contact  with  their  own  excreted  salts.  Hence  the  result  depended 
largely  upon  the  ratio  of  the  number  of  animals  to  the  volume  of 
water,  as  is  well  shown  in  the  experiments  just  referred  to.  For 
Paranuecium  my  result  is  contrary  to  the  several  statements  to  be 
found  in  the  literature  on  this  subject.  However,  from  the  descrip- 
tions given  it  is  evident  that  in  general  the  authors  of  these  state- 
ments mean  that  after  having  placed  Paramascia  in  a  quantity  of 
distilled  water  the  animals  continued  to  live  in  that  same  quantity 
of  water  or  in  a  few  changes  made  at  longer  intervals  than  those 
in  my  experiments.  Furthermore,  data  from  chemical  or  physical 
tests  regarding  the  quality  of  the  water  to  be  so  used  are  most  fre- 
quently absent.  In  any  case  the  proof  for  the  proposition  that  a 
given  cell  can  or  cannot  continue  to  live  in  pure  aerated  water  is 
defective  unless  the  method  used  meets  the  condition  of  possible 
contamination  of  the  medium  by  the  metabolic  activities  of  the  cells 
living  in  it  for  even  a  short  time.  In  the  experiments  recorded  in 
Tables  I-V  each  process  of  centrifuging  diluted  the  liquid  remaining 
over  from  the  preceding  centrifuging  to  15  volumes.  Of  the 
15  C.C.  contained  in  a  tube  14  c.c.  were  removed  and  replaced  by 
14  c.c.  of  the  distilled  water  of  known  quality.  The  number  of 
centrifugings  shown  by  the  tables  ranges  from  14  to  30,  and  from 
this  it  is  evident  that  the  dilution  of  the  original  sah  content  soon 
becomes  very  great  if  the  initial  quantity  was  not  too  large.  All 
the  animals  used  in  these  experiments  came  from  similar  cultures 
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which  were  raised  and  examined  according  to  the  descriptions  given 
in  my  previous  papers  (Peters,  ;07  a  and  .oj  b),  and  which  showed 
the  usual  course  of  chemical  and  biological  events.  Nearly  the  whole 
salt  content  was  measurable  as  methyl  orange  alkalinity,  and  this 
did  not  differ  much  in  the  cultures  whose  records  are  given  in  the 
tables.  For  the  discussions  of  this  paper  I  shall  adopt,  as  a  type 
of  all  these  cultures,  the  one  numbered  6-3-8  which  furnished  the 
Paramjecia  for  Table  I.  I  shall  make  use  of  the  chemical  and  physical 
data  of  this  culture  which  may  be  found  in  tabular  form  in  a  former 
paper  (Peters,  107  a,  pp.  467  and  476).  From  these  data  it  appears 
that  practically  the  whole  salt  content  consisted  of  alkali  bicarbon- 
ate +  alkali-earth  bicarb<Miate  ^  5.46  X  io~^  gram  molecules  per 
litre,  i,  e.,  the  culture  liquid  is  about  a '0.0055  molecular  solution. 
By  the  method  of  the  experiments  recorded  in  Tables  I— V  of  this 
paper,  this  concentration  of  salts  would  be  diluted  to  15  volumes 
after  the  first  centrifuging,  to  15*  volumes  after  the  second,  etc. 
It  is  evident  that  at  this  rate  a  smaller  number  of  centrtfugings 
than  are  given  in  any  of  the  Tables  would  reduce  the  concentration 
of  the  salts  to  a  point  at  which  the  amount  of  the  conductivity  due  to 
them  would  be  negligible  in  comparison  with  the  conductivity  of 
the  distilled  water  used  for  dilution.  This  method  of  removing  the 
natural  salts  of  the  culture  medium  may  be  regarded  as  practically 
perfect.  If  now  the  values  for  the  conductivity  measurements  be 
examined,  it  appears  that  in  none  of  the  experiments  was  it  possible, 
even  by  the  rapid  changes  of  medium  shown  by  the  tables,  to  keep 
down  the  conductivity  to  a  point  as  low  as  that  of  the  distilled  water 
applied  at  each  interval.  The  increase  in  conductivity  after  a  few 
centrifugings  was  due  to  substances  originating  from  the  cell  bodies, 
not  from  the  original  culture  liquid  nor  from  the  apparatus.  After 
some  of  the  animals  had  died  and  disintegrated,  this  factor  became 
marked.  But  preceding  the  death  of  the  animals  ther^  was  a  period 
when  the  harmful  effects  of  the  change  of  medium  were  evident 
from  the  behavior  of  the  animals.  These  effects  began  to  show  at 
a  few  centrifugings  earlier  in  the  case  of  Stentor  than  in  Paramfe- 
cium.  The  former  is  more  sensitive  to  most  environmental  condi- 
tions than  the  latter,  according  to  various  other  tests  which  I  have 
made.  It  is  clear  that  the  fatal  effect  in  these  experiments  is  due  to 
contact  with  pure  water  as  a  medium  when  applied  under  certain 
conditions. 

In  addition  to  the  continued  purity  of  the  water  the  element  of 
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time  must  be  considered.  If  the  change  from  culture  liquid  to  pure 
water  be  made  as  rapidly  as  in  these  experiments,  a  fatal  effect 
ensues.  On  account  of  the  conception  I  have  formed  of  the  mode 
of  action  of  the  pure  water,  I  would  expect  the  same  effect  to  occur 
even  if  the  changes  occupied  a  longer  period  of  time.  Their  death 
from  a  continuously  pure  medium  would  probably  occur  sooner  than 
death  from  starvation.  I  have  kept  Paramascium  and  Stentor 
under  the  same  cover-glass  in  a  moist  chamber  in  the  same  original 
quantity  of  pure  distilled  water  for  a  period  between  one  and  two 
weeks  before  death  ensued.  The  animals  became  exceedingly  trans- 
parent, making  fine  objects  for  microscopical  examination.  No 
evident  abnormality  was  observed.  Of  course  this  was  not  a  test  of 
the  ability  of  the  animals  to  live  in  continuously  pure,  aerated,  dis- 
tilled water.  The  time  required  to  produce  the  effects  of  pure  water 
obviously  depends  upon  several  conditions,  among  which  we  may 
mention  (i)  the  number  of  the  animals,  (2)  the  volume  of  the 
water,  (3)  the  frequency  of  its  renewal  after  contamination,  (4) 
the  physiological  condition  of  the  organisms. 

Study  of  the  changing  condition  of  the  animals  during  the  course 
of  the  experiments  shows  more  or  less  uniformity  in  these  changes. 
After  the  first  few  centrifugings  the  first  noticeable  effect  was  a 
retardation  of  locomotion.  This  difficulty  increased  until  they  be- 
came motionless.  Early  in  the  experiment  there  also  appeared  a 
noteworthy  enlargement  of  vacuoles,  sometimes  becoming  so  great, 
especially  in  the  middle  region  of  Paramscia.  as  to  break  the  animal 
in  halves,  which  then  rapidly  disintegrated.  This  latter  process 
of  disintegration  was  a  third  phenomenon  of  uniform  occurrence 
and  brought  the  experiment  to  a  close.  While  swelling  of  the  whole 
cell  bodies  of  either  Paramarcium  or  Stentor  was  not  marked,  the 
enlargement  of  vacuoles  to  such  extent  as  to  cause  their  breaking 
through  the  bounding  cell  wall  at  some  point  on  its  surface,  and  so 
to  begin  the  process  of  disintegration,  was  always  so  pronounced  as 
to  attract  the  attention  of  the  observer. 


III.  The  Function  of  the  Salts  in  the  Life  of  the  Cell. 

In  a  previous  paper  (Peters,  :o4.  pp.  480-488),  I  have  given  an 
explanation  of  the  mode  of  action  of  pure  distilled  water  upon  the 
cell  of  a  free-living  protozoan.  In  the  present  discussion  I  shall 
adopt  essentially  the  same  explanation.     However,  in  consequence 
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of  the  almost  ccmtinuous  removal  of  the  contaminated  water,  the 
experiments  recorded  in  this  paper  gave  better  evidence  than  was 
formerly  obtained  regarding  the  water  content  and  the  vacuolation 
of  the  protoplasm.  This  effect  is  also  more  easily  observed  in  Para- 
mecium than  in  Stentor,  to  the  latter  of  which  the  earlier  experi- 
ments were  confined. 

To  describe  how  the  distilled  water  produced  its  effects,  and  what 
the  function  is  of  the  salts  normally  present  in  the  natural  culture 
medium  or  in  .the  protoplasm  of  the  cell,  it  is  necessary  to  know 
what  physical  and  chemical  conditions  prevail  in  this  complex  sys- 
tem. In  the  present  state  of  our  knowledge  we  have  an  insufficiency 
of  detail  that  prevents  us  from  touching  the  essentials  of  the  prob- 
lem intimately,  and  explanation  is  necessarily  superficial.  With 
such  data  as  I  have  obtained  I  should  attempt  to  explain  the  phe- 
nomena of  the  preceding  experiments  as  due,  not  to  the  influence  of 
any  one  predominant  factor,  but  as  the  result  of  the  disturbance  of 
the  natural  equilibrium  which  normally  exists  between  the  various 
physical  and  chemical  conditions  of  the  protoplasm.  The  most  im- 
portant factor  in  our  conception  of  conditions  in  the  cell  is  that  of 
its  continuous  dynamic  activity  in  relation  to  the  maintenance  of  its 
identity.  In  other  words,  each  kind  of  protoplasm  is  a  complex 
system  of  chemical  substances  whose  continuous  physical  and  chem- 
ical interaction  is  so  equilibrated  as  to  preserve  its  morpholc^ical 
and  physiological  individuality.  It  is  from  this  standpoint  that  its 
problems  must  be  approached,  even  though  we  are  as  yet  unable  to 
analyze  the  complex  far  into  its  details. 

For  the  physical  condition  of  the  protoplasm  of  the  protozoan 
cell  we  shall  adopt  the  conception  of  Butschli,  '92,  pp.  139-158. 
that  we  have  in  the  cell  content  a  more  and  a  less  viscous  liquid,  the 
latter  of  which  is  enclosed  by  a  framework  of  the  more  viscous  sub- 
stance. The  cell  wall  may  be  regarded  as  the  outer  boundary  of 
this  framework.  The  more  watery  liquid  is  thus  entirely  enclosed  in 
the  little  meshes  of  the  framework  or  in  the  larger  vacuoles,  which 
do  not  differ  in  nature  from  the  smaller  meshes.  Metabolic  ex- 
change between  the  cell  and  its  environment  must  take  place  through 
the  framework,  which  functions  as  a  colloidal  osmotic  membrane. 
The  content  of  both  vacuoles  and  of  the  framework  must  be  re- 
garded, in  the  light  of  our  present  knowledge,  as  a  mixture  of  both 
crystalloidai  and  colloidal  substances,  subject  to  continual  changes 
from  either  condition  into  the  other.    A  proper  conception  of  these 
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conditions  must  reckon  with  the  ideas  of  Loeb,  :oo,  p.  327,  on  ion- 
proteids;  also  the  developments  of  Pauli,  ;o3,  pp.  225-246,  and  of 
Spiro,  :04,  pp.  300-322,  regarding  the  relation  of  salt  ions  to  the 
colloidal  proteins;  also  of  Pauii,  107,  pp.  143,  146,  and  of  Frieden- 
thal,  :04,  pp.  60-61,  regarding  the  H  and  OH  charge  of  native 
proteins. 

We  may  now  consider  the  process  of  exchange  between  the  cell 
and  its  medium.  As  the  natural  salt  containing  culture  medium 
w<ts  replaced  in  the  experiments  by  distilled  water,  salts  or  their  rad- 
icals originating  from  the  cell  appeared  in  it.  Hence  the  cell  wall 
and  the  viscous  framework  are  permeable  in  the  outward  direction 
at  least  to  the  cellular  salts  or  their  ions.  It  may  be  noted  here  that 
the  cell  does  not  acquire  these  salts  necessarily  by  inward  permea- 
tion. They  may  be  so  obtained,  but  they  may  also  be  supplied  by 
the  ingested  food  matter.  It  is  probable  that  the  permeation  of  the 
salt  ions  differs  in  rate.  In  any  case  the  permeation  of  the  salt  ions 
is  slower  than  that  of  the  distilled  water,  for  observation  showed  a 
swelling  of  the  vacuoles  among  the  pathological  phenomena.  Had 
the  wall  or  the  framework  been  impermeable  to  the  salt  ions,  there 
would  have  been  much  more  evidence  of  an  accumulation  of  water 
within  the  cell  and  much  plainer  evidence  of  the  part  played  by 
mechanical  rupture  in  the  destruction  of  the  cell.  The  moderate 
effect  of  this  kind  which  was  obtained  is  in  harmony  with  the  con- 
clusions reached  by  most  observers  of  physiolc^cal  osmosis  that 
the  mechanical  effect  produced  is  of  minor  importance.  The  dis- 
turbance of  salt  balance  and  the  relation  of  salt  ions  to  the  proto- 
plasmic proteins  are  facts  which  point  to  a  deranged  metabolism 
as  the  essential  factor.  It  is  highly  probable  that  continued  contact 
with  distilled  water  progressively  altered  the  condition,  and  so  in- 
creased the  permeability,  of  the  colloidal  wall  and  framework.  The 
smaller  the  difference  between  the  rate  of  permeation  of  the  water 
and  of  the  salts,  the  less  would  any  mechanical  effect  of  osmosis 
come  under  observation  as  a  resulting  change  of  volume.  In  this 
connection  it  should  be  noted  that  when  any  cells  began  disinte- 
gration by  rupture  of  an  enlarged  vacuole,  that  event  was  preceded 
by  marked  pathological  effects  shown  in  the  behavior  of  the  cell. 
These  effects  may  have  a  dependence  upon  a  structural  as  well  as 
an  accompanying  metabolic  change  due  to  the  fact  that  an  increased 
water  content  produces  alterations  in  the  colloidal  state  of  the  pro- 
toplasmic proteins.    In  a  former  work  (Peters,  :04')  I  showed  that 
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the  injurious  effect  of  distilled  water  can  be  prevented  by  dissolving 
in  it  appropriate  salts  or  milk  sugar.  The  latter,  as  judged  by  its 
effect  upon  the  rate  of  division  (Id.  pp.  473-475)  and  upon  the  gen- 
eral behavior  of  Steiitor  cceruleus,  makes  a  solution  practically 
indifferent  with  reference  to  the  metabolism  and  structure  of  the 
cell.  The  experiments  with  milk  sugar  add  weight  to  the  theory 
above  described  that  alteration  of  the  structure  of  the  cell  wall  lead- 
ing to  increased  and  abnormal  permeability  is  the  initial  factor  ii^ 
the  destructive  action  of  distilled  water. 

The  salts  are  held  by  the  cell  with  varying  degrees  of  intensity. 
A  portion  of  the  salt  content  is  easily  withdrawn  and  with  little  im- 
mediate consequence  to  its  normal  functioning.  This  was  illus- 
trated in  the  above  experiments,  when  the  animals  were  transferred 
from  a  culture  medium,  known  to  have  a  salt  content  equal  to  at  least 
a  0,0055  molecular  solution  (Peters,  .oy,  p.  467),  to  pure  distilled 
water.  The  water  thereupon  became  contaminated  sufficiently  to 
permit  the  cells  to  live,  provided  the  contaminated  medium  were  not 
removed.  As  above  stated,  it  is  this  kind  of  experiment  which  is 
usually  meant  when  the  statement  is  made  that  these  animals  con- 
tinue to  live  in  distilled  water.  There  are  several  methods  by  which 
such  an  experiment  can  be  conducted  so  that  the  contamination  orig- 
inating from  the  culture  liquid  is  negligibly  small  compared  with 
that  coming  from  within  the  cells  themselves.  This  loosely  held 
portion  of  the  salts  may  be  regarded  as  subject  to  no  stronger  an 
affinity  than  that  between  the  solvent  and  its  solute.  Its  maximum 
quantity  represents  the  limits  of  physiological  variation.  No  doubt 
its  withdrawal  disturbs  the  internal  equilibrium  of  chemical  and 
physical  changes  and  necessitates  some  readjustments.  But  if  the 
experiments  be  continued  as  represented  in  the  above  tables  of 
results,  a  further  quantity,  beyond  the  physiological  limit,  comes 
out,  as  is  evident,  respectively,  from  the  conductivity  tests  and  the 
obser\'ed  pathological  condition  of  the  animals.  Whether  or  not 
this  second  portion  originates  directly  from  inn-protein  compounds 
of  the  protoplasm,  we  do  not  know.  In  the  light  of  our  present 
knowledge  it  is  highly  probable  that  these  compoundii  are  the  essen- 
tial seat  of  disturbance  when  cells  of  any  sort  are  brought  to  destruc- 
tion by  means  of  distilled  water.  The  salts  or  their  radicals  thus 
firmly  combined  with  the  protein  molecules  are  examples  of  the 
greatest  degree  of  affinity  with  which  any  of  the  salts  are  heUl  by 
the  cell.     Between  this  intensity  of  affinity  and  that  of  the  most 
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easily  abstracted  portion  above  described  there  probably  exist  all 
gradations  of  intensity.  The  study  of  the  dynamics  of  reactions  in 
crystalloidal  and  colloidal  solutions  has  shown  that  the  quantity  of 
each  of  the  different  combinations  represented  by  these  different 
intensities  would  be  in  equilibrium  with  all  the  salts  and  other  salt 
compounds  present.  A  disturbance  of  this  chain  of  equilibria  any- 
where along-  its  course  would  result  in  a  disturbance  of  the  equilib- 
rium of  the  entire  system.  This  could  occur  internally  by  any 
abnormal  change  in  metabolic  reactions,  or  externally,  as  in  these 
experiments,  by  the  removal  of  the  more  easily  withdrawn  portion 
of  the  salts.  It  is  probable  that  the  initial  effect  is  physical,  consist- 
ing in  an  alteration  of  the  colloidal  condition  of  the  proteins,  which 
is  readily  produced  by  a  change  in  the  proportion  of  the  salts.  When 
this  has  proceeded  beyond  a  limit,  the  protoplasmic  chemical  system 
becomes  unbalanced,  resulting  in  its  self-destruction. 


IV.  Summary. 

These  experiments  were  made  to  test  the  effect  of  the  entire 
absence  of  salts  from  the  external  medium  of  the  protozoan  cell 
brought  about  by  placing  the  animals  in  pure  distilled  water.  Tliey 
differ  from  other  experiments  for  the  same  purpose  in  that  the 
water  used  was  maintained  in  a  condition  of  almost  continuous 
purity.  This  was  accomplished  by  frequently  changing  the  con- 
taminated medium  for  a  fresh  portion  of  the  original  pure  medium. 
Pure  distilled  water  was  prepared  by  redistillation  of  ordinary  dis- 
tilled water  from  Jena  glass.  All  contact  with  metal  anywhere  in 
the  .experiments  was  avoided.  The  quality  of  the  water  was  deter- 
mined by  measuring  its  electrical  conductivity,  and  only  water  of 
low  conductivity  was  used.  Protozoa  were  subjected  to  the  prac- 
tically continuous  action  of  water  of  this  degree  of  purity,  and  in  a 
condition  of  aeration,  by  frequently  renewing  the  medium.  By  the 
use  of  a  centrifuge  it  was  possible  to  separate  the  greater  portion  of 
the  medium,  about  14  c.c,  from  the  remaining  i  c.c.  which  contained 
the  animals.  To  the  residue  was  added  14  c.c.  of  the  original  pure 
water.  The  animals  were  then  uniformly  distributed,  and  the  whole 
process  was  repeated  at  short  intervals  a  sufficient  number  of  times'. 
Control  tubes  carried  upon  the  same  centrifuge  and  subjected  to  the 
same  whirling  and  redistribution,  but  without  change  of  medium, 
showed  that  the  animals  lived  through  the  control  experiment  with- 
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out  injury.  Conductivity  tests  made  upon  the  removed  portions  of 
water  showed  that  it  did  not  remain  in  the  condition  of  distilled 
water.  The  animals  repeatedly  contaminated  the  water,  even  after 
numerous  renewals  of  their  medium  had  been'made.  They  were 
unable  to  maintain  life  in  a  medium  which  was  continuously  kept  as 
near  as  possible. to  the  condition  of  pure  aerated  distilled  water. 
Locomotion  was  retarded  and  finally  ceased,  the  forms  of  the  ani- 
mals then  disintegrating.  Vacuoles  were  enlarged,  and  in  some 
cases  the  entire  form  swelled.  Distilled  water  progressively  alters 
the  character  and  permeability  of  the  cell  wall,  which  then  permits 
the  outward  diffusion  of  the  salts  of  the  cell.  Milk  sugar  and  low 
concentrations  of  various  salts  dissolved  in  distilled  water  prevent 
its  injurious  action.  Withdrawal  of  a  portion  of  the  salts  is  harm- 
less. Excessive  abstraction  of  salts  is  destructive,  by  disturbing  the 
equilibrium  of  distribution  of  salts  between  the  colloidal  protoplasm 
and  the  liquids  of  its  meshes.  Primarily  the  physical  condition  of 
_the  colloidal  proteins  is  altered  by  the  qualitative  or  quantitative 
change  in  salts.  In  consequence  chemical  processes  no  longer  main- 
tain the  equilibria  of  living  protoplasm,  and  destruction  of  the 
system  results. 
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Origin  of  the  Problems. 

TN  major  surgical  operations  a  pulse  of  extreme  rapidity  and  cor- 
-*■  respondingly  small  amplitude  is  a  dangerous  symptom.  Indeed 
a  progressive  increase  in  heart-rate  up  to  extreme  tachycardia  is 
one  of  the  features  in  the  development  of  at  least  one  form  of 
shock.  Yet  the  surgeon  is  often  practically  helpless  when  con- 
fronting such  a  progressively  rising  pulse,  since  he  cannot  intelli- 
gently counteract  a  process  if  he  is  ignorant  of  its  cause.  In  the 
course  of  a  series  of  experiments  involving  extensive  operative 
procedures  upon  dogs  we  experienced  a  large  number  of  failures, 

*  Preliminary  reports  upon  various  parts  of  this  subject  were  presented  by  the 
writer  before  the  Physiological  Section  of  the  British  Medical  Association  in 
August,  1906  (published  in  the  British  medical  journal,  1906,  ii,  p.  i8iz),  and 
before  the  American  Physiological  Society  in  December,  1905.  December,  1906, 
and  May,  1907  (This  journal,  1906,  xv,  p.  xviii;  1907,  iviii,  p.  rv;  and  1907,  xii, 
p.  xiv),  PortioDs  of  the  subject  matter  of  this  paper  were  presented  in  the  theses 
for  the  M.D.  degree  by  F.  P.  Chilungworth  and  J.  R.  Copfky,  to  the  Faculty 
of  the  Yale  Medical  School,  June,  1907. 
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Tachycardia  and  then  shock  developed.  As  this  result  seemed  to 
us  inexplicable  by  any  principles  of  physiological  reaction  at  pres- 
ent recc^ized,  we  were  stimulated  to  discover,  if  possible,  its 
hidden  cause. 

It  is  well  known  that  healthy  dogs  are  with  difficulty  brought 
into  a  condition  of  shock.  Violent  procedures,  such  as  cauteriza- 
tion of  a  large  area  of  the  peritoneum,'  crushing  of  a  limb,  and 
other  forms  of  intense  and  prolonged  stimulation  of  many  afferent 
nerves,  have  generally  been  found  necessary  to  induce  this  condi- 
tion. Even  under  such  treatment  a  dc^  which  has  received  a  dose 
of  morphine  and  is  maintained  under  moderate  anaesthesia  will  not 
infrequently  survive  for  many  hours.  The  primary  purpose  of 
the  series  of  experiments,  among  which  occurred  the  failures  to 
be  here  analyzed,  was  the  study  of  the  normal  activity  of  the  dog's 
heart  under  conditions  as  nearly  physiological  as  possible.  The 
utmost  care  was  exercised  therefore  to  avoid  such  injuries  and 
stimulations.  Yet  during  our  earlier  experiments  we  repeatedly 
saw  the  animals  die  in  shock  after  passing  through  all  the  typical 
stages  of  this  condition  within  two  hours  after  the  beginning  of 
the  experiment,  and  occasionally  even  within  a  much  briefer  period. 
These  cases  were  the  more  enigmatic  because  other  animals,  which 
had  received  a  precisely  similar  treatment,  —  so  far  as  we  were  then 
aware,  —  maintained  for  many  hours  the  normal  slow  heart-rate 
and  high  blood  pressure  requisite  for  the  observations  which  were 
the  primary  object  of  the  experiments. 

Before  the  completion  of  this  series  of  experiments  these  diffi- 
culties had  been  so  far  overcome  that  we  could  at  will  induce  or 
prevent  the  occurrence  of  shock.  Moreover  the  method  employed 
to  this  end  proved  to  be  highly  effective  also  as  a  means  of  varying 
the  heart-rate.  By  this  method  we  were  enabled  to  regulate  the 
heart  to  any  desired  rate  from  40  or  fewer  up  to  200  or  more 
beats  per  minute.  The  method  was  very  simple.  It  depended 
on  the  manipulation  of  the  hand  bellows  with  which  artificial 
respiration  was  administered  and  on  the  adjustment  of  the  escape 
vent  in  the  side  of  the  cannula  tied  into  the  trachea.  As  the  pul- 
monary ventilation  was  increased  or  diminished  the  heart-rate  was 
correspondingly  accelerated  or  retarded.  This  method  was  utilized 
successfully  on  a  large  number  of  dogs,  in  which  the  behavior  of 
the  heart  at  various  rates  of  beat  was  recorded.  Since  the  results 
'  Cf.  T.  Sollmann:  This  journal,  1907,  xx,  p.  74. 
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thus  obtained  were  published,*  our  attention  has  been  devoted  to 
investigations  on  the  causal  relations  between  the  method  and  its 
results.  The  sc(^e  of  these  investigations  has  widened  until  they 
cover  a  great  part  of  the  entire  subject  of  surgical  shock  and  touch 
on  a  number  of  related  topics.  They  will  require  a  series  of  papers 
for  detailed  presentation.  The  hypothesis  to  the  demonstration  of 
which  the  entire  series  will  be  directed  is  as  follows : 


■    Acapnia  as  the  Cause  of  Surgical  Shock. 

From  the  data  to  be  presented  in  this  series  of  papers  it  appears 
that  the  COj  content  of  the  blood  exercises  regulative  influences 
upon  the  heart-rate,  upon  vascular  tonus,  upon  the  peristalsis  of 
the  alimentary  canal,  upon  the  mental  condition  and  upon  a  num- 
ber of  other  functions  of  the  body  to  a  degree,  so  far  as  we  can 
find  from  the  literature,  hitherto  in  great  part  not  demonstrated. 
These  data  show  that  even  a  slight  reduction  in  the  CO2  content 
of  the  arterial  blood  causes  a  marked  quickening  of  the  heart-rate. 
Further  reduction  induces  an  extreme  tachycardia,  complete  ces- 
sation of  peristalsis,  failure  of  many  reflexes,  and  coma.  If  an 
extreme  reduction  of  the  COj  content  of  the-blood  is  effected  very 
rapidly  the  heart  comes  into  a  state  bordering  on  tetanus.  This 
cardiac  tetanus  practically  abolishes  the  pumping  action  of  the 
heart.     Arterial  pressure  falls  therefore;    and  death  results. 

If  the  reduction  in  the  arterial  COj  is  less  extreme  but  is  main- 
tained for  a  considerable  time  (an  hour  or  more  according  to  the 
extent  of  the  reduction),  so  that  the  tension  of  CO^  in  the  venous 
blood  and  in  the  tissues  is  greatly  reduced,  symptoms  and  ccmdi- 
tions  result  which  are  similar  in  many  respects  to  those  occurring 
in  mountain-sickness,  and  are  apparently  identical  with  those  of 
surgical  shock.  Arterial  pressure  falls  to  a  very  low  level ;  and 
if  the  condition  is  continued  the  circulation  fails.  This  fall  is  not 
due  merely  to  tachycardia,  for  the  heart-rate  in  the  later  stages 
is  not  always  extremely  rapid,  but  is  caused  by  a  loss  of  tonus  in 
the  peripheral  veins  and  capillaries,  and  by  the  consequent  stagna- 
tion of  the  blood  in  these  vessels.  The  mental  condition  of  the 
subject  is  comatose.  The  reflexes  are  greatly  reduced  in  responsive- 
ness.    Vigorous  stimulation  of  afferent  nerves  causes  no  rise  of 

•  Y.  Henderson  :  This  journal,  1906,  xvi,  p.  335. 
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arterial  pressure.  This  condition  of  the  nervous  system  and  the 
stage  of  excitement  through  which  it  develops,  are  not  due  primarily 
to  the  fall  of  arterial  pressure.  They  precede  the  fall.  Although 
the  coma  is  of  course  intensified  by  a  low  pressure,  it  may  occur 
to  a  considerable  extent  coincidently  with  the  high  pressure  of  the 
earlier  stages. 

The  respiration,  when  the  subject  is  left  to  breathe  naturally, 
becomes  very  shallow.  It  is  liable  to  pass  into  apnoea.  This  con- 
dition is  the  direct  effect  of  the  reduced  CO2  tension  in  the  respira- 
tory centre. 

The  reduction  of  CO2  leading  to  these  conditions  can  be  effected 
by  excessive  artificial  respiration.  It  can  be  effected  by  allowing 
the  subject,  after  the  thorax  has  been  opened,  to  breathe  by  the 
Sauerbruch-Brauer  method  an  excess  of  fresh  compressed  air.  To 
a  certain  extent  the  conditions  above  described  can  be  induced  by 
a  normal  man  upon  himself  by  voluntarily  forced  respiration.  They 
result  to  a  considerable  extent  from  the  hyperpnoea  incident  to  the 
stage  of  excitement  of  incomplete  anxsthesia.  The  hyperpnoea 
induced  by  vigorous  and  prolonged  stimulation  of  afferent  nerves 
—  a  condition  which,  in  an  animal  or  man  not  ansesthetized,  would 
be  one  of  extreme  pain  —  is  an  effective  procedure  for  the  reduc- 
tion of  the  CO2  content  in  the  blood.  Morphine  and  complete 
anaesthesia  counteract  the  development  of  shock  by  quieting  the 
respiration.  Diminution  of  the  dead-space  of  the  respiratory  tract 
by  tracheotomy  removes  an  important  natural  check  on  excessive 
pulmonary  ventilation.  The  expression  "  excessive "  in  this  and 
similar  connections  is  used  to  indicate  the  maintenance  of  a  sub- 
normal tension  of  CO2  in  the  alveolar  air. 

Exposure  of  the  abdominal  viscera  to  the  air  so  as  to  allow  a 
free  exhalation  of  CO2  from  the  surface  of  these  organs  induces, 
even  when  no  further  operation  is  performed,  and  when  both  'cool- 
ing and  drying  are  prevented,  an  extreme  congestion  in  the  part 
exposed.  This  congestion  is  relieved  by  placing  the  part  in  saline 
saturated  with  CO2,  If  a  general  abdominal  congestion  has  been 
thus  induced  and  is  then  followed  by  even  a  moderate  hyperpnoea 
through  the  stimulation  of  an  afferent  nerve,  the  subject  passes 
within  a  few  minutes  into  shock. 

In  the  production  of  these  conditions  variations  in  the  oxygen 
content  of  the  blood  appear  to  play  little,  if  any,  part.  Artificial 
regulation  of  the  heart-rate  by  the  method  which  we  have  employed 
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appears  to  depend  upon  the  regulation  of  the  CO™  tension  of  the 
air  in  the  pulmonary  alveoli,  and  thus  upon  the  extent  to  which  CO5 
is  ventilated  out  of  the  blood  in  its  passage  through  the  lungs.  The 
condition  of  shock  which  results  in  man  from  extreme  physical 
suffering  is  to  a  large  extent,  we  believe,  caused  by  the  reduction 
of  the  CO;  content  of  the  blood  and  tissues  below  the  normal  ten- 
sion by  the  violent  and  prolonged  hyperpnoea  induced  by  the  stim- 
ulation of  ai^erent  nerves.  The  peculiar  liability  of  laparotomy 
to  result  in  shock  is,  we  believe,  due  to  the  exhalation  of  COj  from 
the  parts  exposed.  Out  of  a  very  large  number  of  experiments 
involving  extensive  and  prolonged  operations- the  symptoms  of  shock 
as  above  described  have  never  developed  in  a  single  case  in  which 
any  considerable  loss  of  COj  below  the  normal  was  prevented. 

In  a  number  of  experiments  in  which  shock  had  been  induced, 
restoration  of  CO2  to  the  tissues  and  blood  (or  rather  the  mainte- 
nance of  a  condition  which  permits  the  tissues  rapidly  to  restore 
their  COj)  proved  effective  in  inducing  a  rapid  recovery.  Con- 
sciousness and  the  normal  reflexes  returned  simultaneously.  The 
intestines  recovered  their  automatic  motility.  Such  a  restoration 
is  most  easily  accomplished  by  infusing  saline  saturated  with  COj, 
and  simultaneously  increasing  the  dead-space  of  the  respiratory 
tract  by  causing  the  subject  to  breathe  through  a  tube  of  about 
double  the  diameter  of  the  trachea  and  50  to  100  centimetres' 
length.  Under  all  conditions,  except  during  hyperpnoea,  in  which 
condition  the  cardiac  activity  is  increased  s>TnpatheticaIly  with  the 
respiratory  excitement,  and  to  a  certain  extent  even  in  this  condi- 
tion, the  heart-rate  can  be  kept  down  and  the  development  of  shock 
prevented  by  the  use  of  such  a  tube.  In  the  absence  of  respiratory 
excitement  the  heart-rate  is  an  index  which  varies  inversely  as  the 
CO2  content  of  the  arterial  blood. 

Carbon-Dioxid  as  a  Hormone. 

In  discussing  the  subject  of  the  "  Chemical  Co-ordination  of  the 
Functions  of  the  Body"  in  the  "  Ergebnisse  der  Physiologic," 
Bayliss  and  Starling  have  given  the  first  place  to  carbon-dioxid 
as  the  "  hormone "  or  chemical  regulator  of  respiration.*      From 

*  Ergebnisse  der  Physiologic,  1906,  Fiinfter  Jahrgang,  Erste  Abteilung,  p.  664. 
For  a  j^eneral  discussion  in  English  of  the  subject  of  Chemical  Correlation,  see 
E.  H.  Starling,  Lancet,  1905,  ii,  pp.  339,  423,  sor,  and  579. 
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the  extensive  literature  of  respiration  and  from  the  more  meagre 
and  less  definitely  determined  knowledge  regarding  the  influence 
of  CO2  in  regulating  other  functions  of  the  body  we  shall  here  cite 
only  such  points  as  appear  to  bear  directly  on  the  conclusions  stated 
in  the  preceding  section. 

The  observations  of  Haldane  and  Priestley  ■  have  afforded  cru- 
cial evidence  that  "  the  regulation  of  the  rate  of  alveolar  ventila- 
tion in  breathing  depends,  under  normal  conditions,  exclusively  on 
the  CO2  pressure  in  the  respiratory  centre."  In  their  experiments 
normal  men  were  subjected  to  a  wide  variety  of  conditions  in  re- 
spect to  the  oxygen  tension  in  the  air  breathed,  —  variations  up 
to  a  full  atmosphere  of  oxygen  and  down  to  only  13  per  cent  of 
an  atmosphere  partial  pressure  of  this  gas,  —  without  the  respira- 
tory movements  showing  any  reaction  to  these  variations,  and 
without  the  subjects  themselves  perceiving  any  alteration  in  their 
own  condition.  On  the  other  hand,  when  the  subjects  were  exposed 
to  a  wide  variety  of  conditions  in  respect  to  barometric  pressure 
and  to  the  CO2  content  of  the  air  breathed,  the  respiration  was  found 
to  vary  in  such  perfect  adjustment  to  these  conditions  that  the 
tension  of  CO^  in  the  alveolar  air  was  maintained  nearly  constant. 
Not  only  is  the  respiratory  centre  exquisitely  sensitive  to  any  rise 
in  COa  pressure,  — a  rise  of  0.2  per  cent  of  an  atmosphere  in  the 
alveolar  air  being,  for  instance,  sufficient  to  double  the  amount 
of  the  alveolar  ventilation  during  rest,  —  but  the  respiratory  centre 
is  alvtost  equally  sensitive  to  even  a  slight  reduction  in  the  tension 
of  CO2  beloiv  the  normal  (about  5.5  per  cent  of  an  atmosphere). 
Thus  a  brief  period  of  voluntarily  forced  respiration  in  man  is 
followed  automatically  by  an  interval  of  apnoea.  As  evidence  that 
this  apnoeic  pause  is  due  to  the  temporary  lowering  of  the  CO^ 
tension  of  the  arterial  blood  below  the  threshold  exciting  value  for 
the  respiratory  centre.  Haldane  and  Priestley  find  that  in  man  it 
does  not  occur  when  the  air  forcibly  respired  contains  CO^  of  nearly 
the  same  tension  as  that  of  the  alveolar  air. 

It  has  long  been  known  that  vigorous  artificial  respiration  is 
followed  by  a  period  of  apnoea.  In  a  review  of  the  earlier  inves- 
tigations on  this  subject  Miescher"  pointed  out  that  this  pause 
might  consist  of  two  conditions,   which   he  termed   respectively 

'  Haldane  and  Priestley  :  Journal  of  physiology,  1905,  xixii,  p.  225.     See 
»lso  Fitzgerald  and  Haldane  :  Journal  of  physiology,  1905,  xxxii,  p.  486. 
•  MiESCHER-RuscH  :  Archiv  fiir  Physiologic,  1885,  p-  35S- 
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apnoea  spuria  and  apnoea  vera.  The  former  is  the  result  of  the 
stimulation  of  the  afferent  nerve  endings  of  the  vagi  in  the  lungs, 
by  which  the  respiratory  centre  is  temporarily  inhibited.  The  latter 
is  the  effect  upon  this  centre  of  the  blood  which  is  over-aerated  by 
the  excessive  pulmonary  ventilation.  The  changes  in  the  blood 
might  consist  in  an  over-oxygenation  or  in  a  reduction  of  its  con- 
tent of  COj.  The  first  of  these  alternatives  is  rendered  untenable 
by  the  fact  that  apnoea  is  not  induced,  indeed  the  rate  and  depth 
of  respiration  remain  unaltered,  when  the  subject  breathes  pure 
oxygen.  In  this  case  the  alveolar  tension  of  oxygen  ts  increased 
far  above  the  maximum  attainable  when  the  lungs  are  ventilated 
merely  with  air,  —  no  matter  how  rapid  the  ventilation.  Thus,  as 
Miescher  concluded,  and  as  the  recent  investigations  of  Fredericq,^ 
of  Mosso,*  of  Weil,*  and  of  Haldane  and  Priestley^"  have  verified, 
apnoea  vera  is  caused  by  the  diminution  in  the  COj  of  the  arterial 
blood. 

This  conclusion  as  to  the  much  disputed  causatitwi  of  apnoea  is 
important  in  connection  with  the  matters  to  be  discussed  in  the 
present  paper,  because  we  have  employed  as  the  means  of  inducing 
tachycardia  and  shock  the  same  procedures  as  those  which  induce 
apnoea  vera.  The  facts  and  reasoning  which  have  led  previous 
writers  to  this  explanation  of  apnoea  vera  may  therefore  be  ad- 
duced with  equal  validity  in  support  of  the  view  that  tachycardia 
and  the  other  conditions  which  result  from  excessive  pulmonary 
ventilation  are  also  due  to  diminution  of  COj.  For  the  st^uticoi 
of  the  problem  of  surgical  shock  this  explanation  of  apnoea  is  of 
fundamental  importance.  In  the  extensive  investigations  on  sur- 
gical shock  perfonned  by  Crile,'^  it  was  found  that  in  90  per  cent 
of  the  subjects, death  was  due  to  respiratory  failure,  "In  many 
instances  the  heart  was  beating  strongly  and  blood  pressure  was 
fair  at  the  time  respiration  failed."  These  observations  alone  would 
go  far  to  show  that  diminution  of  COj  is  a  factor  in  surgical  shock, 
were  it  not  for  the  fact  that  the  literature  of  respiration  presents 
with  the  weight  of  many  authorities  two  other  explanations  of  the 
regulation  of  respiration  and  the  causation  of  apnoea. 

'  Fredericq  :  Archives  dc  biologic,  1901,  xvix,  p.  563. 

•  Mosso  :  Archives  italiennes  de  biologic,  1 903,  xl,  pp.  19  et  seq. 

•  Weil:  Archiv  fiir  experimentele  Pathologic  und  Pharmakologie,  1906,  liv, 
p.28j- 

'•  Haldane  and  Priestley  :  Loe-  cit. 
>^  Crile:  Sui^ica)  shock,  [899,  p.  143. 
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One  of  these  explanations  is  that  respiration  is  essentially  a  reflex 
function,  and  that  the  discharges  from  the  respiratory  centre  are 
the  reaction  to  the  augmentor  and  inhibitory  influences  of  afferent 
nerves,  and  especially  of  the  pulmonary  fibres  of  the  vagi.  The 
standing  of  this  explanation  at  the  present  day  is  estimated  by 
Boruttau,^^  in  the  statement  that  the  last  supporter  of  "  the  purely 
reflex  nature  of  the  respiratory  movements  has  taken  his  views 
to  the  grave  with  himself."  It  is  reasonable,  therefore,  to  reject 
the  idea  that  the  shallow  respiration  consequent  on  vigorous  and 
prolonged  artificial  respiration  is  due  to  a  lasting  inhibition  of  the 
respiratory  centre  by  stimulation  through  the  vagi.  It  is  reasonable 
also  to  reject  the  idea  that  the  failure  of  respiration  in  shock  fol- 
lowing the  hyperpnoea  of  pain  indicates  exhaustion  of  the  respira- 
tory centres  by  the  stimulation  of  afferent  nerves.  Finally,  by  the 
same  logic  applied  to  closely  similar  facts,  it  is  reasonable  to  re- 
ject the  idea  that  the  disturbances  of  the  circulation  in  shock  are 
the  expression-  of  the  state  into  which  the  vaso^motor  centre  is 
thrown  by  the  stimuli  reaching  it  through  afferent  channels.  Porter 
has  in  fact  presented  data  which  are  opposed  to  the  hypothesis 
that  surgical  shock  is  an  exhaustion  of  this  centre.^'  Yet  this 
hypothesis,  supported  by  Crile,"  is  generally  accepted  at  the  present 
time. 

A  third  explanation  of  the  causation  of  the  variations  in  respira- 
tory, cardio-regulative,  vaso-motor  and  other  functions  has  behind 
it  a  greater  weight  of  authority,  although,  as  we  believe,  a  much 
smaller  amount  of  evidence,  if  interpreted  in  its  true  significance, 
than  either  of  the  explanations  above  quoted.  Because  oxygen  is 
a  vital  necessity,  and  COj  only  a  waste  product,  it  has  appeared 
natural  to  many  writers  to  infer  that  the  oxygen  tension  of  the 
blood  must  exert  profound  and  extensive  regulative   influences. 

"  H.  BoHuTTAU  ;  Ergebnisse  der  Physiologic,  1904,  Dritter  Jahrgang,  ii  Ab- 
teilung,  p.  95.  For  reviews  of  otlier  phases  of  this  subject,  see  E.  H.  Starlino, 
Nervous  mechanism  of  respiration,  Schafer's  Textboolt  of  physiology,  1900,  ii, 
p.  283;  R.  Magnus:  PharmakologiederAtemmechanik.  Ergebnisse  der  Physiolo- 
gic, t90J,  Erste  Jahrgang,  ii  Abteilung,  p.  414;  R.  nu  Bois-Reymond,  Mechanik 
der  Almung,  same  volume,  p.  378  ;  C.  Bohr,  Blutgase  und  respiralorischer  Gas- 
wechsel,  Nagel's  Handbucli  der  Pliysiologie  des  Menschen,  1905,  i,  p.  54;  L. 
Fredcricq,  on  Apnoea,  and  Richet  on  Asphyxia,  Dictionnairc  de  physiologic 
par  Charles  Richet,  1895,  i,  pp.  630  and  ^^%. 

'•  W.  T.  Porter  :  This  journal,  1 907,  xx,  pp.  399  and  500. 

'•  Chile:   Keen's  Surgery,  1906.  i,  p.  922. 
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Rosenthal "  and  his  followers  attempted  to  explain  apnoea  and 
hyperpnoea  on  the  ground  respectively  of  excess  and  of  deficiency 
of  oxygen.  Because  a  flame  burns  the  brighter  the  richer  the  at- 
mosphere is  in  oxygen,  it  appears  natural  to  infer  that  the  vital 
combustions  of  the  body  must  be  increased  in  vigor  by  an  increase 
in  the  supply  of  oxygen  to  the  lungs.  That  such  is  not  the  case, 
however,  but  that  the  rate  of  oxygen  consumption  by  the  animal 
body  is  independent  of  an  excess  in  the  supply  was  proved  con- 
clusively by  Pfluger  more  than  thirty  years  ago,  and  has  since  been 
verified  by  many  investigators.'* 

In  the  recent  literature  the  discussion  of  this  subject  has  turned 
largely  on  the  extensive  investigations  of  the  phenomena  and  causes 
of  mountain-sickness."  Throughout  the  literature  of  this  disorder, 
excepting  only  in  the  writings  of  Mosso  and  his  adherents,  its 
symptoms  have  been  undoubtingly  explained  as  due  to  lack  of 
oxygen.  The  liberal  use  of  oxygen  in  clinical  medicine  indicates 
the  current  opinion  on  this  subject  among  physicians.  Surgeons 
profess  their  faith  that  lack  of  oxygen  occurs  and  is  a  cause  of 
diminished  functional  activity  by  administering  this  gas  to  cases 
in  shock, 

Kraus  in  an  exhaustive  review  of  the  clinical  literature  of  this  subject  has 
expressed  an  opinion  adverse  to  the  value  of  oxygen  therapy." 

Durig  (^Loe.  at.  p.  363)  makes  the  pregnant  suggestion  that  the  bene- 
ficial efiects  of  oxygen  inhalation  are  in  great  part  due  to  the  considerable 
quantity  of  CO2  which  the  oxygen  employed  in  the  clinic  usually  contains. 
We  would  also  call  attention  to  the  fact  that  the  mask  by  which  the  gas 
is  administered  increases  the  dead-space  of  the  respiratory  tract,  and  thus 
causes  the  patient  to  some  extent  to  re-breathe  his  expired  air. 

**  J.  Rosenthal:  Hermann's  Handbuch  der  Physiologic,  1882,  iv,  ii  Thetl, 
p.  264;  Archiv  fur  Physiolc^ie,  1902,  p.  167,  and  [902  Supplement,  p.  278.  For 
a  refutation  of  Rosenthal's  argument  see  ihe  paper  (from  the  laboratory  of 
ZuKTz)  by  A.  Durig  :  Archiv  fiir  i'hysiologie,  1903,  Supplement,  p.  209. 

••  PflOger:  Archiv  fiir  die  gesammtc  Physiologic,  i,  pp.  61,  274,  and  686;  ii, 
p.  156;  X,  p.  251 ;  riv,  p.  i  ;  xix.  p.  244.  See  also  VoiT  :  Zeitschrift  fiir  Biologic, 
1907,  xlix,  p.  I. 

"  For  reviews  of  this  literature,  see  O.  COHNHEiM.  Physlologie  des  Alpinismus, 
Ergebnisse  der  Physiologic,  1903.  ii,  1,  p.  612;  Zumtz,  Loewv,  MOller,  and 
Caspari;  Hohenklima  und  Berg  wand  erungen,  1906,  chapters  xi,  xii,  xviii,  and 
xlxi  and  Recent  advances  in  pliysiology  and  bio'chemistry,  1906,  edited  by  Hill* 
chapters  viii  and  xv. 

"  Kraus  :  Zeitschrift  ftir  klinische  Medicin,  xxii,  p.  449. 
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Among  physiologists  the  vaso-constriction  and  slow  heart-rate 
of  asphyxia  have  generally  been  regarded  as  the  effects  of  lack  of 
oxygen.**  Verwom^"  in  particular  reached  the  conclusion  that 
lack  of  oxygen  is  the  primary  cause  of  the  vagus  pulse  in  dyspnoea, 
and  that  in  this  respect  the  increase  of  CO^  in  the  blood  is  of  very 
minor,  if  of  any,  significance.  He  supported  this  conclusion  by 
the  statement,  which  if  it  were  correct  would  prove  his  conclusions, 
that  "  from  the  investigations  of  Rosenthal  and  others  it  is  to-day 
well  established  that  lack  of  oxygen  is  the  primary  stimulus  to  the 
respiratory  centre  in  dyspnoea,  while  the  increased  CO2  as  an  ex- 
citing influence  is  of  very  secondary  importance."  It  appears  to 
us  on  the  contrary  that  the  literature  bearing  on  the  question  aflfords 
overwhelming  evidence  that  oxygen,  not  merely  in  respect  to  these 
functions  but  also  in  its  general  relations  to  protoplasmic  activity,'^ 
exerts  a  relatively  low  potency  as  a  hormone. 

Recent  investigations  **  have  tended  to  show  that  the  excitement 
of  the  vaso-motor  centre  in  asphyxia  is  caused  rather  by  the  excess 
of  CO2  in  the  blood  than  by  lack  of  oxygen.  Thus  the  effects  of 
a  subnormal  pulmonary  ventilation  and  the  consequent  venous  con- 
dition of  the  arterial  blood  upon  the  respiratory,  cardio-regulative, 
and  vaso-motor  centres  are  all  principally  due  to  the  increase  of 
CO2  rather  than  to  diminution  of  oxygen.  It  is  probable  that  many 
symptoms  which  physicians  have  regarded  as  due  to  lack  of  oxygen 
are  really  caused  by  alterations  in  the  conditions  and  mechanism 
on  which  the  maintenance  of  the  normal  tensions  and  contents  of 
CO2  in  the  blood,  tissues,  and  nerve  centres  depend.  For  the  needs 
of  the  body  in  respect  to  oxygen  the  regulation  of  respiration  by 
CO2  maintains  a  broa^  margin  of  safety. 

On  the  effects  of  a  reduction  of  the  COj  tension  of  the  blood 
below  the  normal,  the  most  important  contributions  have  been  made 
by  Mosso  and  his  co-workers.  In  a  large  number  of  papers  they 
have  presented  evidence  to  show  that  under  reduced  barometric 
pressure  the  CO2  content  of  the  blood  is  diminished,  and  that  this 

"  For  a  review  oE  the  literature  bearing  on  this  and  related  questions,  see 
R.  TiGERSTEDT  :  Ergebnisse  der  Physiologic,  1903,  ii,  2,  pp.  567-571. 

*  M.  VerwoRn  :  Archiv  fiir  Physiologic,  1903,  p.  65. ,  For  the  views  of  Ver- 
WORN  on  the  relations  of  oxygen  and  of  CO,  to  nervous  activity  on  his  "  Biogen- 
Hypothesis,"  see  Archiv  fiir  Physiologic,  1900,  Supplement,  p,  152. 

*i  Cf.  J.  LOEB  ;  Studies  in  general  physiology,  1905,  i,  p.  414. 

"  Cf.  W.  M.  Bayliss,  Die  Innervation  der  Gefasse,  Ergebnisse  der  Physi- 
ologic, [906,  Fiinfter  Jahrgang,  i  Abteilung,  p.  345. 
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diminution  is  one  of  the  causes  of  the  disturbances  of  function  in 
mountain-sickness.  For  this  condition  Mosso  has  suggested  the 
convenient  term  "acapnia"  (from  Kairva^^  smoke,  —  literally 
smokelessness).  Mosso  and  Marro*^  have  shown  by  blood-gas 
analyses  that  when  animals  are  transported  up  to  the  physiological 
laboratory  on  Monte  Rosa  or  are  placed  in  the  low  pressure  cham- 
ber in  the  laboratory  in  Turin,  the  COj  content  of  the  arterial  blood 
is  reduced.  In  experiments  on  monkeys  in  this  chamber,  even 
when  pure  oxygen  was  supplied  in  such  quantities  as  to  eliminate 
the  possibility  of  lack  of  oxygen  playing  any  part  in  the  reactions, 
a  lowering  of  the  barometric  pressure  induced  muscular  weakness, 
sleepiness,  and  at  times  almost  vomiting.  The  observations  of 
Mosso  ^*  and  of  Aggazzotti  ^^  on  men,  monkeys,  dogs,  and  rabbits 
show  that  under  reduced  barometric  pressure,  when  the  subject  is 
at  rest,  respiration  is  markedly  diminished  in  amplitude  while  ac- 
celerated in  rate.  These  observations  may  be  taken  on  the  one 
hand  as  indicating  the  reaction  of  the  respiratory  centre  to  the 
lower  tension  of  COj,  and  on  the  other  as  an  adjustment  which 
tends  to  prevent  its  further  loss. 

Considering  the  large  number  of  investigators  who  have  studied 
the  production  of  apnoea  by  excessive  artificial  respiration,  it  is 
surprising  that  the  fact  is  not  to-day  well  established  that  acapnia 
immediately  produces  tachycardia  and,  if  long  continued,  always 
results  in  shock.  We  certainly  are  not  the  first  to  observe  the 
production  of  shock  in  this  way.  Thirty-four  years  ago  Ewald, 
working  in  Pfliiger's  laboratory,  noted  that  the  arterial  pressure 
of  a  dog  which  for  twenty  minutes  was  subjected  to  vigorous 
artificial  respiration  fell  from  154  to  65  mm.  of  mercury.  The 
fall  was  due  to  a  very  great  diminution  in  the  output  of  the  heart. 
—  down  to  25  or  30  per  cent  of  that  during  normal  respiration. 
Pfliiger  showed  at  the  same  time  that  the  oxygen  consumption  of 
the  body  was  not  altered  by  the  ventilation.  Ewald's  analyses 
showed  that  the  oxygen  content  of  the  arterial  blood,  if  altered  at 
all,  was  slightly  increased.**     The  oxygen  content  of  the  venous 

*•  Mosso  and  Marro:  Archives  italiennes  de  biologie,  1903,  xxxix,  pp.  387, 
39J,  and  402;  also  1904,  xli,  p.  357. 

*^  Mosso:  Archives  italiennes  de  biologie,  1904,  xli,  pp.  384  and  397;  also 
1904,  xlii,  p.  23  ;  also  1905.  xliii,  pp.  Si,  209,  341,  355.  and  467. 

"*  A.  Aggazzotti  :  Archives  italiennes  de  biologic,  [904,  xlii,  pp.  14,  43,  and 
S3;  also  1905,  xliv,  pp.  39.  137,  150,  and  343. 

■•  A.  Ewald  :  Arehiu  fiir  die  gesammtc  Physiologie,  1873,  vii,  p.  580. 
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blood  was  greatly  diminished.  In  one  experiment,  after  thirty-five 
minutes'  ventilation,  the  oxygen  content  of  the  venous  blood  had 
fallen  from  I1.7  to  4.6  volumes  per  cent.  The  oxygen  content  of 
simultaneous  samples  of  arterial  blood  was  17.3  and  17.9.  The 
cause  of  the  diminution  in  the  blood  stream  thus  indicated  lay,  as 
Ewald  concluded,  either  in  an  alteration  of  the  innervation  of  the 
blood  vessels  and  heart,  or  in  a  venous  congestion  (due  to  the  in- 
crease of  resistance  in  the  lungs  by  the  ventilation),  or  in  both 
conditions.  In  the  experiment  from  which  these  analyses  are 
quoted  the  extent  of  the  arterial  acapnia  is  shown  by  the  fact  that 
the  CO2  content  fell  from  33.4  to  17.5.  The  venous  acapnia  in 
this  case  was  relatively  slight,  ^  the  figures  showing  36,5  volumes 
per  cent  of  CO2  before  and  33.9  after  thirty-five  minutes'  ventila- 
tion. In  other  experiments  figures  as  low  as  15  to  18  per  cent  COg 
in  the  venous  blood  were  repeatedly  obtained  after  ventilations  of 
an  hour  or  more.  Since  the  tensions  of  the  gases  in  the  venous 
blood  must  be  very  nearly  the  same  as  the  tensions  in  the  tissues 
from  which  the  blood  flows,  —  just  as  the  tensions  in  the  arterial 
blood  are  nearly  the  same  as  those  in  the  alveolar  air  of  the  lungs, 
—  a  very  considerable  washing  out  of  CO2  from  the  tissues  as  the 
result  of  the  ventilation  is  indicated  by  these  figures. 

In  experiments  similar  to  those  of  Ewald,  Mosso"  has  likewise 
noted  acapnia,  apnoea,  tachycardia,  and  fall  of  arterial  pressure. 
He  has  also  observed  in  man  a  lowering  of  blood  pressure  and 
quickening  of  the  heart-rate  coincident  with  the  apnoea  produced 
by  forced  respiration.  As  regards  the  effects  of  acapnia  upon  the 
circulatitm,  the  observations  of  Ewald,  of  Mosso,  and  of  ourselves 
are  in  these  respects  identical.  Neither  Ewald  nor  Mosso  has,  so 
far  as  we  can  find,  suggested  that  the  condition  induced  by  ex- 
treme acapnia  is  that  of  surgical  shock.  Nor,  so  far  as  we  can 
discover,  has  any  one  prior  to  ourselves  shown  that  after  the  open- 
ing of  the  thorax  the  heart-rate  is  completely  controllable  by  regu- 
lation of  the  CO2  content  of  the  blood. 

"  Many  writers  have  commented  upon  the  similarity  of  surgical 
shock  and  mountain-sickness.  Wetherill  *^  and  Powers ""  have 
observed  that  in  Denver  (altitude  5260  feet)  persons  who  have 

**  Mosso :  Archives  italiennes  de  biologie,  1903,  xl,  pp,  zz  H  leq.,  1904,  xli, 
p.  193,  and  1905,  xliii,  p.  341, 

"  Wetherili,  :   Annals  of  surgery,  1897,  xxv,  p,  430. 
"  Powers  :  Annals  of  surgery,  1897,  xxvi,  p.  297, 
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recently  come  from  sea-level  are  in  surgical  operations  peculiarly 
liable  to  shock. 

Comparing  the  condition  of  the  nervous  system  in  shock  with 
the  condition  induced  by  experimental  acapnia,  we  find  striking 
similarities.  Rosenthal  *"  recognized  that  many  of  the  nerve  centres 
are  brought  into  a  condition  of  diminisfied  tonus  and  diminished 
irritability  by  the  alteration  in  the  blood  gases  during  and  after 
excessive  artificial  respiration.  Kronecker  and  Markwald  ^'  found 
that  under  such  circumstances  the  respiratory  centre  is  irresponsive 
to  direct  electrical  stimulation.  Leube  ^^  found  that  in  rabbits 
which  had  received  a  dose  of  strychnine  sufficient  to  kill  under 
ordinary  conditions  convulsions  were  prevented,  and  the  animals 
recovered  when  a  somewhat  excessive  rate  of  artificial  respiration 
was  maintained.  Paul  Bert  noted  that  in  rapid  balloon  ascensions 
there  occurred  first  a  period  of  mental  excitement,  followed  by  a 
period  of  somnolence,  exhaustion  and  disturbances  of  sight  and 
hearing.  Aggazzotti  ^^  has  shown  on  men  and  animals  that  low- 
ered barometric  pressure  diminishes  reflex  irritability,  the  acuteness 
of  hearing,  and  probably  that  of  the  other  senses  also.  He  like- 
wise observed  muscular  weakness.  Conversely  Lee'*  has  recently 
shown  that  the  increase  of  functional  activity  expressed  in  the 
phenomenon  of  the  Treppe  occurs  in  the  muscles  of  mammals 
when  the  tension  of  COj  in  the  blood  and  tissues  is  increased  by 
asphyxia. 

Similar  relations  between  the  tension  of  COj  in  the  tissues  and 
their  functional  activity  are  observable  in  respect  to  the  motility 
of  the  alimentary  canal.  It  is  well  known  that  mere  (^ening  of 
the  abdomen  abolishes  the  peristalsis  of  the  stomach  and  greatly 
reduces  that  of  the  intestines.'"  Nor  is  motility  completely  restored 
for  a  considerable  period  after  the  abdomen  is  reclosed.    The  stand- 

•*  R0S8NTHAL:  Hermann's  Haodbuch  der  Physiologic,  i88z,  iv,  ii  Thetl, 
p.  278. 

"  Kronecker  and  Markwald  :  Archiv  fur  Physiologic,  1879,  p,  594. 

»' W.  Leube  :  Archiv  fiir  Anatomic  und  Physiologic,  1867,  p.  629;  also 
UsPCNSKV  :  Same  journal,  1868,  pp.  401  and  522 ;  also  ROSENTHAL :  Compt.  rend., 
1867,  Lxiv,  p.  114Z. 

"Aggazzotti:  Archives  italicnnes  de  biologic,  1904,  xli,  p.  69;  also 
Mosso,  1904,  xli,  p.  387.  Also  ZuNTz,  Leowy,  MOller,  and  Casfari  ;  Loc.  dt., 
pp.  420-427.  450- 

"  F.  S.  Lee  :  This  journal,  1907,  xviii,  367. 

»•  Cf.  Meltzer  and  Auer:  This  journal,  1907,  xx,  p.  280. 
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still  is  not  due  to  drying,  for  it  occurs  in  a  bath  of  saline,  as  shown 
by  the  observations  of  Johannes  Miiller,  of  Pal,  and  recently  of 
Auer.^"  On  the  contrary,  if  the  trachea  be  occluded  the  exposed 
intestines  exhibit  for  a  brief  period  vigorous  peristalsis.  Strangely 
enough  it  appears  to  have  occurred  to  no  one  to  inquire  whether 
(as  we  find  to  be  the  case)  the  exhalation  of  COj  from  the  moist 
peritoneum  and  the  hyperpnoea  induced  by  the  operation  are  the 
causes  of  the  cessation  of  peristalsis  after  laparotomy. 

The  human  skin  is  very  slightly  pervious  to  COj.*''  So  long  as 
the  skin  is  unbroken  and  there  is  no  sensible  perspiration,  the  tis- 
sues are  protected  from  loss  of  CO^  except  by  way  of  the  circula- 
tion. The  minimum  tension  of  COj  in  any  tissue  can  never  be 
less  than  its  tension  in  the  arterial  blood.  This  tension  in  turn  is 
determined  by  the  partial  pressure  of  CO2  in  the  alveolar  air  of 
the  lungs.  It  is  accordingly  interesting  to  note  that  the  respiratory 
tract  of  all  the  higher  animals  includes  a  large  dead-space,  —  hav- 
ing in  man  a  volume  equal  to  30  per  cent  of  an  ordinary  inspira- 
tion, —  which  can  scarcely  be  regarded  as  useful  in  respect  to  the 
oxygen  supply  of  the  body,  but  is  an  important  factor  in  the  main- 
tenance of  the  normal  high  tension  (5.5  per  cent  of  an  atmosphere) 
of  COj  in  the  alveolar  air.  Paul  Bert  ^^  found  that  the  CO2  content 
of  the  arterial  blood  was  diminished  after  tracheotomy.     Thus : 

Dog  A  Dog  B 

O,               CO,  O,              CO, 

Before  tracheotonajr     .     .     15.1           40,8  16.0           41.5 

After  tracheotomy      .    .     20.3          34.0  23.4          15.2 

If  the  CO2  content  of  the  blood  supplied  to  the  nervous  system 
exerts  under  the  normal  conditions  of  life  regulative  influences  of 
the  potency  which  our  investigations  indicate,  it  would  appear  that 
could  an  individual  acquire  the  ability  voluntarily  to  increase  or 
diminish  the  rate  of  pulmonary  ventilation  marked  alterations  in 
the  condition  of  the  nervous  system  might  be  expected  to  result. 
In  fact  breathing  exercises  have  in  recent  years  been  successfully 
employed  as  part  of  the  treatment  for  neurasthenia  in  some  sani- 
taria. Among  a  number  of  the  semi-religious,  semi-philosophical 
cults  and  sects  which  have  gained  adherents  in  America  in  recent 

■•  AUER  :  This  journal,  1907,  xviii,  p.  347. 

"  Schiehbeck:  Archiv  fur  Physiologie,  1893,  p.  123. 

*•  P.  Bert  ;  La  Pression  barometrique. 


Digitized  by  Google 


140  Yandelt  Henderson. 

years,  and  which  have  in  one  form  or  another  held  up  as  the  chief 
object  of  their  practices  the  attainment  and  maintenance  of  phys- 
ical health  and  the  control  of  the  vegetative  functions  of  the  body 
by  the  mind,  breathing  exercises  have  been  extensively  developed. 
Noteworthy  are  the  elaborate  breathing  exercises  of  the  Yoga  or 
Vedanta  Philosophy,^*  For  more  than  two  thousand  years  these 
exercises  have  been  practiced  in  India  as  the  means  through  which, 
as  claimed,  the  subject  can  gain  control  over  the  heart-rate  and 
other  functions,  can  render  himself  insensitive  to  pain,  or  even 
unconscious,  and  can  induce  mental  exahation  and  hallucinations. 
In  some  of  the  older  works  on  surgery  it  was  directed  that  prior 
to  a  minor  operation  the  subject  should  for  a  few  minutes  per- 
form forced  respiration.  The  relations  of  pain  to  respiration,  and 
of  respiration  to  pain;  are  as  yet  little  understood. 

Finally  the  question  arises.  Do  variations  in  the  COj  content  of 
the  arterial  blood  play  any  considerable  part  in  conditioning  the 
variations  in  the  heart-rate  which  in  a  normal  man  occur  with 
every  bodily  movement,  with  every  change  of  position,  and  with 
every  emotion?  The  investigations  of  Haldane  and  Priestley 
already  quoted  make  it  altogether  probable  that  under  nearly  all 
normal  conditions  the  variations  in  the  CO^  tension  in  the  arterial 
blood  are  very  slight.  The  threshold  exciting  value  of  the  res- 
piratory centre  in  respect  both  to  increase  and  to  diminution  in  tlie 
tension  of  CO^  is  so  low  in  comparison  with  the  other  centres,  such 
as  the  cardio-inhibitory,  that  the  above  question  can  be  answered 
quite  clearly  in  the  negative.  Hypo-  and  hyper-capnia  are  abnormal 
conditions.  Moreover,  the  investigations  of  Fredericq  *'  on  the 
relations  of  the  heart-rate  to  the  activity  of  the  respiratory  centre 
have  demonstrated  the  intimate  sympathy  between  this  centre  and 
those  controlling  the  heart-rate.  Thus  respiratory  excitement  (or 
indeed  excitement  in  any  part  of  the  nervous  system)  always  exerts 
a  cardio-accelerative  influence.  Voluiitary  holding  of  the  breath 
by  a  man,  or  breathing  through  a  large  dead-space,  or  asphyxiation 
on  an  animal  causes  primarily  not  a  slowing  but  an  acceleration 
of  the  heart-rate  because  of  the  respiratory  excitement.     The  in- 

■*  For  an  interesting  account  of  these  practices  and  their  results,  see  the  article 
by  Professor  Wm.  James,  Science,  1907,  xxv,  pp.  326-328. 

"  Fredericq:  Archives  de  biologie,  1882,  iii,  p.  75-  For  the  extensive  litera- 
ture of  this  subject,  see  Tigerstedt,  Lehrbuch  des  Kreislaufes,  1893,  p.  453  ;  also 
TlGERSTEDT,  Ergebnisse  der  Physiologic,  lot:,  cil. 
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stant  this  respiratory  excitement  ceases  the  heart-rate  becomes  ex- 
tremely slow  because  (as  the  work  of  Verworn^'  and  others  has 
shown)  of  the  asphyxial  condition  of  the  blood.  Vagus-tonns  *" 
is  generally  regarded  as  the  principal  factor  in  determining  the 
heart -rate.  It  appears  therefore  that  an  asphyxial  (or  hyper- 
capnial)  condition  of  the  blood  supply  to  the  spinal  bulb  exerts  a 
stimulating  influence  upon  both  the  respiratory  and  the  cardio- 
inhibitory  centres.  Experiments  of  Mosso/^  in  which  the  heart- 
rate  even  after  vagus  section  was  accelerated  by  excessive  artificial 
respiration,  make  it  probable  also  that  acapnia  stimulates  or  that 
COj  exerts  an  inhibiting  influence  upon  the  cardio-accelerator 
mechanism. 

Although  variations  in  the  COj  content  of  the  blood  are  there- 
fore not  factors  in  the  momentarily  occurring  normal  variations  in 
the  heart-rate,  the  heart-rate  of  every  individual  when  at  rest  is, 
we  believe,  principally  determined  by  the  COj  content  of  the  blood. 
Slight  alterations  in  the  sensitivity  of  the  respiratory  centres  and 
the  consequent  alterations  in  the  tension  of  COj  in  the  blood  would 
afford  a  sufficient  cause  for  the  variations  in  the  pulse  rate  whicH 
occur  in  many  abnormal  conditions. 

Hypo-capnia  has  in  fact  been  found  to  occur  in  many  forms  of 
fever  both  in  men  and  animals,**  in  diabetic  coma,*"  in  the  condi- 
tion consequent  on  violent  muscular  exercise,*'  and  in  that  form  of 
shock  which  results  from  the  intravenous  injection  of  albumose 
or  "  peptone."  *'  In  all  of  these  conditions,  as  well  as  in  mountain- 
sickness,  excessive  artificial  respiration,  and  surgical  shock,  there 
occur  at  one  stage  or  another  and  in  varying  order  hyperpnoea, 
followed  by  shallow  respiration  or  apnoea,  tachycardia,  venous 
congestion  and  fall  of  arterial  pressure,  muscular  weakness,  sup- 
pression of  reflexes,  disturbances  of  consciousness,  and  disturbances 
of  the  motor  functions  of  the  alimentary  canal, 

"  Verworn  :  Loc.  eit. 

**  For  literature,  see  F.  B,  Hofmann,  in  Nagel's  Handbuch  der  Physiologic 
des  Menschen,  1905,  i,  Erste  Halfte,  p.  376. 

**  Mosso  '■  Archives  italiennes  de  biologie,  1904,  xli,  p.  200. 

"  For  3.  review  and  bibliography  of  this  subject,  see  L,  Krehl,  Pathologische 
Physiologic,  third  edition,  1904,  pp.  459  and  475. 

*>  Beddard,  Pembrbv,  and  Spriggs,  Journal  of  physiology,  1904,  xxxi,  p.  xliv. 

"  Hill  and  Flack,  Journal  of  physiology,  1907,  xxxvi,  p.  xi. 

"  Lahousse  ;  Archiv  ftir  Phjsiologie,  1889,  p.  77. 
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Cardiac  Tetanus.** 

The  object  for  which  our  earlier  experiments  were  planned  was 
to  record  the  volume  curve  of  the  ventricles  of  the  heart.  Twenty- 
five  dogs  were  used. 

The  animals  received  subcutaneously  a  moderate  dose  of  morphine  and  were 
then  anesthetized  with  ether.  Tiie  thorax  was  opened  by  an  incision 
directly  down  through  the  skin  and  through  all  of  the  costal  cartilages  at 
their  junctions  with  the  ribs,  so  that  the  sternum  and  costal  cartilages  with 
their  adherent  musculature  and  skin  formed  a  lid  hinging  upon  the  clavicles. 
A  single  ligature  was  th,en  placed  about  the  internal  mammary  arteries 
and  veins  near  the  origin  of  the  arteries.  In  none  of  the  experiments  to 
be  discussed  in  this  paper  was  there  any  considerable  hsemorrhage.  The 
pericardial  sack  was  opened  and  rolled  back  from  the  heart.  A  cardio- 
meter  (described  in  the  previous  paper  already  referred  to)  was  slipped  on 
over  the  ventricles  so  that  their  volume  changes  were  recorded  by  a  large 
tambour  connected  with  the  interior  of  the  cardiometer  by  a  rubber  tube. 
Blood  pressure  was  recorded  by  a  Hurthle  manometer  connected  eitlier 
^        with  the  carotid  or  with  a  sound  inserted  into  the  lefi  ventricle. 

Owing  to  the  fact  that  the  apparatus  for  artificial  respiration 
happened  at  the  time  to  be  out  of  order,  air  was  supplied  to  the 
lungs  by  means  of  a  large  hand  bellows  connected  directly  with  a 
cannula  tied  into  the  trachea.  The  animals  were  thus  subjected 
to  a  ventilation  which,  as  later  experiments  have  shown,  was  in 
excess  of  their  needs.  We  were  at  that  time  unaware  of  the  evil 
effects  of  excessive  pulmonary  ventilation.  When  it  was  seen  that 
the  blood  pressure  was  falling  in  spite  of  (or  because  of)  a  tremen- 
dous heart-rate,  we  supposed  that  the  respiration  must  be  insuffi- 
cient, Accordingly  the  escape  vent  of  the  tracheal  cannula  was 
opened  wide,  and  the  lungs  were  filled  as  fully  and  at  as  rajSd  a 
rate  as  possible.  In  fact  the  arrangement  of  the  respiration  ap- 
paratus was  such  as  not  only  to  fill  the  lungs  to  their  maximum 
capacity  with  each  down-stroke  of  the  bellows,  but. also  to  exert 
with  each  up-stroke  a  slight  suction  on  the  lungs,  and  thus  to 
accelerate  their  collapse.  The  alveolar  air  must  thus  have  been 
kept  nearly  at  the  same  composition  as  that  of  the  laboratory,  while 
normally  it  contains  some  5  or  6  per  cent  of  CO2. 

•'  For  the  literature  bearing  on  this  subject  and  for  an  eTperimental  dem- 
onstration that  the  mammalian  heart  is  capable  of  tetanus,  see  Danilewskv, 
Archiv  fur  die  gesammte  Physiologie,  1905,  cix,  p.  596. 
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Under  such  treatment  it  twice  happened  that  the  subject  of  the 
experiment  was  dead  within  half  an  hour  after  the  thorax  had 
been  opened  and  artificial  respiration  begun.  The  cause  of  death 
was  the  cessation  of  the  pumping  action  of  the  heart.  The  ven- 
tricles became  so  contracted,  because  of  the  great  rapidity  of  beat 
and  extreme  Treppe,  that  the  ventricular  chambers  were  almost 
obliterated.  Immediately  after  death  the  cardiometer  was  removed, 
and  it  was  found  that  although  the  auricles  were  still  beating,  the 
ventricles  were  hard  and  incompressible.  To  the  eye  and  finger 
the  muscle  appeared  to  be  in  a  complete  tetanus.  A  few  minutes 
later  the  right  ventricle  relaxed  and  was  responsive  to  mechanical 
stimulation. 

Since  the  thorax  was  open  it  is  improbable  that  mechanical  ob- 
struction to  the  pulmonary  circulation  played  any  considerable  part 
in  the  results.  Doubts  on  this  point  are  further  negatived  by  the 
results  of  later  experiments. 

AcAPNiAL  Shock  under  Artificial  Respiration. 

In  those  experiments  in  which  the  artificial  respiration  was  ad- 
ministered less  vigorously,  although  still  in  excess,  the  progress  of 
events  was  much  less  rapid.  Tachycardia  developed  to  a  degree 
sufficient  to  cause  a  marked  but  not  an  immediately  fatal  fall  of 
arterial  pressure.  The  animals  then  passed  into  a  condition  of 
shock;  and  death,  which  in  these  cases  occurred  in  from  one  to 
three  hours  after  the  opening  of  the  thorax,  was  due  not  to  cardiac 
tetanus,  but  to  failure  of  vascular  tonus.  Indeed,  in  later  experi- 
ments it  was  found  very  difficult  to  induce  cardiac  failure  through 
extreme  tachycardia  except  in  small  animals,  in  which  the  thorax 
was  Ividely  opened  and  the  pulmonary  ventilation  extremely  rapid. 

In  the  larger  animals  there  developed  quite  uniformly  a  stage  in 
which  the  up-strokes  of  the  volume  curve  of  the  heart  (indicating 
the  rate  of  filling  of  the  ventricles  during  diastole)  were  much  less 
abrupt  than  when  the  animals  were  fresh.  This  retardation  of  the 
diastolic  filling  was  especially  noticeable  at  intervals  when,  coinci- 
dent with  a  less  vigorous  working  of  the  bellows,  the  rapidity  of 
the  heart-rate  was  reduced.  At  such  times  the  heart  did  not  re- 
cover the  amplitude  of  beat  normal  for  the  slower  rate.  The  vol- 
ume of  blood  pumped  out  into  the  arterial  system  by  the  heart  was 
therefore  greatly  reduced.     The  alteration  in   the  form  of  the 
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volume  curve  was  similar  to  that  exhibited  by  a  striated  muscle  in 
the  slow  relaxations  of  the  early  stages  of  fatigue.  This  similarity, 
however,  was  only  superficial.  The  heart  was  not  fatigued.  When 
saline  was  infused  into  a  vein  the  abruptness  of  the  up-strokes  of 
the  volume-curve  immediately  reaf^eared.  During  the  time  that 
the  beneficial  effects  of  the  infusion  lasted  the  normal  amplitude 
of  beat  was  regained,  and  arterial  pressure  was  restored  to  a  normal 
or  nearly  normal  level.  These  observations  indicated  clearly  that, 
as  one  of  the  results  of  excessive  pulmonary  ventilation,  the  tonus 
of  the  venous  system  was  reduced  to  a  point  at  which  a  stasis  of 
the  blood  in  the  veins  occurred.  Thus  the  venous  supply  to  the 
right  heart  was  reduced.  Finally  the  venous  supply  failed  almost 
completely;  the  pumping  action  of  the  heart  was  abolished;  and 
the  arterial  circulation  ceased. 

The  conditions  observed  in  these  experiments  appear  to  be  iden- 
tical with  those  which  clinical  and  experimental  observations  have 
established  as  the  cause  of  the  failure  of  the  circulation  in  surgical 
shock.^*  As  regards  the  state  of  the  respiratory  centre,  a  pro- 
longed apnoeic  pause  was  noted  invariably  when  the  artificial  res- 
piration was  suddenly  discontinued  in  the  earlier  stages.  In  the 
later  stages  we  have  repeatedly  seen  the  apnoeic  pause  prolonged 
until  the  heart  ceased  to  beat  {probably  from  lack  of  oxygen),  with- 
out the  slightest  respiratory  effort  on  the  part  of  the  animal. 
Equally  marked  were  the  eiTects  of  the  excessive  pulmonary  venti- 
lation upon  other  centres  in  the  nervous  system.  The  animals  were 
usually  only  partially  morphinized.  Under  moderate  artificial  res- 
piration a  constant  administration  of  anjesthetic  (usually  ether) 
was  necessary.  Under  excessive  artificial  respiration  they  usually 
appeared  almost  completely  comatose.  In  this  condition  no  anses- 
thetic  was  needed.  This  was  the  case  even  during  the  earlier  stages, 
while  arterial  pressure  was  at  a  normal  level  or  even  above  the 
normal.  Even  in  the  earlier  stages  vigorous  stimulation  of  an 
afferent  nerve  {pinching,  or  electrical  stimulation  of  the  sciatic 
nerve,  burning  the  foot,  etc.)  often  failed  to  elicit  a  rise  of  arterial 
pressure.     In  the  later  stages  such  stimulations  were  invariably 

*"  Chile:  An  experimental  research  into  surgical  shock,  1899;  Chile:  Blood 
pressure  in  surgery,  1903  ;  Howell  :  Contributions  to  medical  research  dedicated 
to  V.  C-  Vaughan,  1903,  p.  s' ;  Dawson;  Journal  of  experimental  medicine, 
190S,  vii,  p.  I.  For  reviews  of  the  experimental  and  clinical  literature,  see  Moh- 
HEHV,  Lancet,  190;,  i,  pp.  696,  776,  and  846;  abso  Chile,  on  Surgical  physiology 
and  OD  shock  and  collapse, 'in  KEEN's^Surgery,  1906,  J,  pp.  79  and  912. 
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wholly  ineffective  upon  arterial  pressure,  even  when  sufficiently 
strcHig  to  elicit  respiratory  movements  out  of  profound  apnoea. 

With  the  exception  of  complete  tetanus,  all  of  the  variations  in 
the  circulation  thus  far  discussed,  both  the  genesis  of  cardiac 
tetanus,  with  its  consequent  fall  of  arterial  pressure,  and  the  be- 

TABLE   I. 
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havior  of  the  heart  after  loss  of  vascular  tonus,  with  the  conse- 
quent diminution  in  the  blood  stream,  are  illustrated  in  the  record 
(Fig.  i)  taken  from  one  of  our  later  experiments.  In  connection 
with  this  experiment  the  ©2  and  CO3  content  of  four  samples  of 
blood  (10  c.c.)  drawn  from  the  femoral  artery  at  various  rates 
of  heart-beat  were  determined  by  means  of  the  blood  gas-pump 
of  Leonard  Hill.^"  In  the  table  are  given  the  results  of  these 
analyses  calculated  to  0°  and  760  mm.  of  mercury,  together  with 

"  L.  HtLL :  Journal  of  physiology,  1895,  xvii,  p.  353. 
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the  heart-rates  counted  from  the  pulse  curve,  and  the  volume  of 
the  blood  stream  as  calculated  by  multiplying  the  heart-rate  and 
amplitude  of  the  volume  curve,  and  dividing  their  product  by  two, 
so  as  to  give  the  output  of  the  left  ventricle  per  minute. 

Artificial  Regulation  of  the  Heart-Rate. 

After  long  uncertainty  and  many  experimental  failures,  the  idea 
forced  itself  upon  us  that  in  an  animal  with  open  thorax,  under 
artificial  respiration,  and  in  the  absence  of  any  spontaneous  res- 
piratory movement,  the  heart-rate  is  almost  wholly  determined  by 
the  rate  of  the  pulmonary  ventilation.  The  respiraticwi  apparatus 
shown  in  Fig.  2  was  devised  as  a  simple  means  of  obtaining  any 


Figure  Z.  —  In  Figure  i  U  shown  the  form  of  respiration  apparatus  which,  out  of  Mveral 
modifications,  proved  the  moat  convenient  for  the  regulation  of  the  heart-rate.  The 
large  hand  bellowi  wa*  fitted  with  valvei  both  at  the  inlet  and  outlet.  To  the  outlet 
of  the  bellows  was  attached  air  tight  a  tube  200  cm.  long  and  from  1,;  to  4.0  cm.  in- 
terior diameter  according  to  the  size  of  the  animal.  For  large  animals  two  Liebig 
condenser  jackets  cpnnected  end  to  end  make  a  convenient  tube.  The  other  end  of 
this  tube  was  connected  air  tight  with  the  cannnia  tied  into  the  trachea.  Near  both 
ends  and  at  the  middle  of  the  tabe  were  adjustable  escape  vents.  Near  the  tracheal 
end  of  the  lube  was  another  opening  to  which  a  bottle  containing  ether  was  connected 
bj  a  short  piece  o(  rubber  tubing.  When  the  bottle  wm  inverted  a  few  drops  of 
anzsthetic  fell  into  the  tube. 

desired  rate  of  pulmonary  ventilation  simultaneously  with  a  suffi- 
cient movement  of  the  lungs  to  inhibif  through  vagus  apnoea  all 
spontaneous  respiratory  -effort  by  the  subject.  The  necessity  of 
producing  a  considerable  movement  of  the  lungs  simultaneously 
with  a  very  slight  ventilation  with  fresh  air,  when  very  slow  heart- 
rates  are  to  be  induced,  arises  from  the  fact  that  otherwise  the 
venous  condition  of  the  arterial  blood  under  slight  aeration  induces 
a  hyperpnoea  which  sympathetically  accelerates  the  heart-rate.  By 
means  of  this  apparatus  the  heart-rate  can  be  regulated  to  any  de- 
sired rhythm  from  below  50  up  to  more  than  200  beats  per  minute. 
In  our  hands  it  has  never  induced  cardiac  tetanus  even  when 
worked   to   the   utmost.      In   all   experiments   in   which   excessive 
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ventilation  was  maintained  for  any  considerable  period  shock  de- 
veloped. On  the  other  hand  shock  never  developed,  even  when 
the  period  of  observation  lasted  for  the  greater  part  of  a  day,  in 
those  experiments  in  which  excessive  ventilation  and  tachycardia 
were  maintained  for  only  a  few  minutes  at  a  time,  and  in  which 
the  heart-rate  was  then  slowed  down  to  a  normal  rhythm  by 
diminished  ventilation,  —  providing  sufficient  care  was  exercised 
not  to  carry  out  the  latter  process  so  rapidly  as  seriously  to  impair 
the  oxygen  supply. 

When  a  normal  slow  heart-rate  was  desired,  the  middle  vent 
was  c^ned  slightly,  and  the  bellows  was  worked  at  about  twenty 
strokes  per  minute  of  moderate  amplitude.  When  a  gradually 
accelerating  heart-rate  was  desired,  the  vent  near  the  trachea 
was  opened  and  the  middle  vent  closed  without  changing  the  rate 
and  depth  of  respiration.  When  tachycardia  was  desired,  the 
tracheal  vent  was  cq)ened  widely,  and  the  bellows  was  worked  so 
as  to  give  as  full  and  as  rapid  a  respiratjon  as  possible.  Under 
these  conditions  a  very  thorough  pulmonary  ventilation  was  effected. 
In  dogs  of  moderate  size  the  heart-rate  within  two  to  four  minutes 
could  be  accelerated  from  50  or  60  up  to  180  or  200. 

When  a  restoration  of  the  slow  heart-rate  was  desired,  the  middle 
vent  alone  was  opened,  and  this  vent  only  slightly.  At  first  barely 
sufficient  respiration  was  given  to  keep  the  lungs  distended.  The 
exhalation  of  CO^  was  thus  reduced,  and  a  condition  afforded  in 
which  the  blood  and  tissues  gradually  recuperated  their  supply. 
During  this  procedure  arterial  pressure  and  the  amplitude  of  the 
heart-beat  (as  shown  either  in  the  volume  curve  or  in  the  pulse 
curve)  were  watched  with  the  utmost  care.  A  diminution  in 
either  of  these  functions  was  taken  as  an  indication  that  the  oxygen 
supply  was  being  reduced  beyond  the  point  of  safety.  Several 
times  in  our  earlier  experiments  it  happened  that  during  this  pro- 
cedure, after  an  extreme  and  unusually  prolonged  excessive  venti- 
lation, the  amplitude  of  the  heart-beat  narrowed,  arterial  pressure 
fell,  and  the  subject  came  to  the  point  of  death  without  the  slight- 
est spontaneous  respiratory  effort,  without  any  marked  preliminary 
slowing  of  the  heart-rate,  and  without  a  rise  of  arterial  pressure. 
From  these  observations  it  appears  that  lack  of  oxygen  is  not  tTie 
cause  of  the  symptoms  characteristic  of  asphyxia.  Lack  of  oxygen 
apart  from  excess  of  CO2  is  not  a  stimulus.    It  merely  paralyzes. 

When  care  was  taken  not  to  diminish  the  ventilation  beyond  the 
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point  at  which  the  arterial  blood  was  only  slightly  darkened  in 
color,  the  process  of  restoring  the  CO2  content  of  the  blood  and 
regaining  a  slow  heart-rate  required  a  half  hour  or  more  accord- 
ing to  the  extent  of  the  acapnia  previously  induced.  From  a  normal 
rate  the  heart  could  for  a  few  minutes  at  a  time  be  slowed  down 
to  rates  of  only  20  to  30  beats  per  minute.  This  object  was  accom- 
plished by  opening  only  the  vent  next  the  bellows.  In  this  case 
nearly  all  of  the  fresh  air  escaped  even  when  the  bellows  was 
worked  with  vigor.  The  dead  air  in  the  tube  was  merely  moved 
back  and  forth  between  the  tracheal  end  of  the  tube  and  the  lungs. 
The  pulmonary  ventilation  was  thus  reduced  almost  to  nil,  but  a 
sufficient  movement  of  the  lungs  was  effected  to  induce  vagus 
apnoea.  Spontaneous  respiratory  movements  sometimes  occurred 
in  spite  of  this  inhibition.  Arterial  pressure  was  maintained  in 
-spite  of  the  bradycardia.  From  these  observations,  coupled  with 
those  described  in  the  preceding  paragraph,  it  appears  that  the 
excess  of  COj  in  the  blood  is  the  stimulus  to  the  respiratory,  cardio- 
inhibitory,  and  vaso-motor  centres  which  causes  the  symptoms 
characteristic  of  asphyxia. 

Including  both  our  earlier  and  later  experiments  on  artificial 
respiration  with  open  thorax,  thirty  dogs  were  used.  In  connec- 
tion with  five  of  the  later  experiments  blood  gas  analyses  were 
performed.  The  following  is  an  example  of  one  of  these  later 
experiments. 

Experiment  of  jfuly  S,  1906. -^Doq  of  az.o  kilos.  Morphine  and  ether. 
Tracheotomized  and  thorax  opened  at  10.10,  cardiometer  placed  on  the 
ventricles,  and  artificial  respiration  maintained  with  tITe  apparatus  shown 
in  Fig  2.  The  graphic  records  obtained  during  the  period  of  obser- 
vation from  10.00  A.M.  to  5.15  P.  M,  will  be  reproduced  in  a  later  paper. 
They  consist  of  the  four-fold  repetition  of  such  a  record  as  tKat  in  Fig.  i 
from  12. 4S  to  1.15.    The  data  obtained  are  summarized  in  Table  11,  p.  150, 

In  this  experiment  an  example  is  afforded  of  the  prevention  of 
shock  by  care  in  the  administration  of  artificial  respiration.  The 
intervals  of  excessive  ventilation  were  never  prolonged  beyond  a 
few  minutes.  Seven  hours  after  the  opening  of  the  thorax,  and 
prior  to  the  last  inter\'al  of  excessive  ventilation,  the  animal  was 
in  such  good  condition  that  it  might  easily  have  been  restored  to 
normal  life,  if  antiseptic  precautions  had  been  employed.  Through- 
out the  seven  hours  of  observation  the  heart-rate  was  varied  at  the 
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will  of  the  operator  at  the  bellows  with  the  ease  and  almost  with 
the  precision  that  the  rate  of  the  ticking  of  a  clock  is  varied  by 
changes  in  the  length  of  its  pendulum. 


TABLE   11. 
(  Experiment  op  Jui 


3,  1906. -See  p.  H9. 
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65 
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... 
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75 

Increaaed  ventilation. 

12.00 
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120 

Diminished  ventilation. 

\zm 
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25. 

220 

80 

Excessive  ventilation. 

1.05 

9.1 

35. 

96 

110 

1.10 
2.15 

20 
60 

75 
105 

Vagus  Apnoea,  no  ventilation  but  vigor- 
ous artificial  respiratoir  movement. 
Moderate  ventilation. 

2.16 

200 

85 

Excessive  ventilation. 

2.45 

... 

90 

90 

3J0 

... 

72 

100 

Diminished  ventilation. 

5.00 

40 

95 

Very  little  ventfUlion. 

S.15 

•m 

60 

Excessive  ventiUtion. 

Shock  and  its  Prevention  under  the  Sauerbruch-Brauer 
Method  of  Respiration. 

The  first  clear  indication  of  the  relation  of  excessive  pulmonary 
ventilation  to  the  development  of  shock,  and  the  starting-point  for 
all  of  our  later  investigations  in  this  field,  occurred  in  connection 
with  experiments  in  which,  after  the  opening  of  the  thorax,  a 
natural  respiration  of  compressed  air  was  maintained.  This  method 
of  respiration  was  originated  by  Sauerbruch ;  '^    and  simplified  by 

*'  Sauerbruch  :  Mitteilungeo  aus  den  Grenzgebieten  der  Mediun  and  Chinii^ 
gie,  1904,  xiii,  art.  xvii. 
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Brauer."'  At  the  time  of  its  publication,  three  years  ago,  it  ex- 
cited a  very  general  interest  both  among  surgeons  and  experi- 
menters. By  the  employment  of  this  method  in  either  its  original 
or  its  modified  form,  it  seemed  not  too  much  to  hope  that  the 
thoracic  viscera  would  become  almost  as  readily  accessible  as  a 
field  of  surgical  operation  as  are  those  of  the  abdomen.  For  pur- 
poses of  experimentation  it  appeared  to  conserve  more  nearly  nor- 
mal conditions  after  pneumo-thorax  than  are  afforded  by  artificial 
respiration.  Several  American  investigators  who  have  tried  the 
Brauer  method  have  found,  however  (as  they  have  verbally  in- 
formed the  writer),  that  the  results  obtained  are  in  fact  much  less 
satisfactory  than  are  those  afforded  by  artificial  respiration.  Like- 
wise in  Germany  Sauerbruch  and  his  adherents  have  found  the 
Brauer  modification  unsatisfactcffy,  although  they  have  not  suc- 
ceeded in  proving  any  essential  difference  either  theoretical  or 
practical  between  the  original  and  the  modified  method.  Seidel 
has  observed  that  under  the  "  Uberdruckverfahren "  of  Brauer 
tracheotomized  animals  fare  much  worse  than  those  which  breathe 
by  mouth  and  nose  into  the  pressure  chamber,*' 

In  our  experience,  on  the  contrary,  the  first  trial  of  the  Brauer 
method  shortly  after  its  publication  was  strikingly  successful. 
When  the  thorax  was  opened,  the  trachea  was  connected  with  a 
large  gasometer  by  a  piece  of  rubber  hose  two  centimetres  in 
diameter  and  a  metre  in  length.  At  the  point  where  the  hose 
connected  with  the  gasometer  the  air  was  allowed  to  escape  through 
a  side  tube  leading  to  a  Mueller  valve  adjusted  to  maintain  the  air 
in  the  system  at  a  positive  pressure  of  11-13  cm.  of  water.  The 
lungs  were  thus  kept  at  a  nearly  normal  distention,  and  the  res- 
piratory movements  of  the  diaphragm  and  the  thoracic  walls  were 
effective.  Throughout  and  up  to  the  end  of  the  six  hours  of  the 
experiment  the  animal  maintained  a  deep  steady  respiration,  high 
blood  pressure,  and  normal  heart-rate.  Yet  in  addition  to  the 
extensive  initial  operation,  a  plethysmograph  was  placed  about  the 
ventricles  of  the  heart,  another  upon  the  right  auricular  appendage, 
and  a  catheter  was  inserted  into  the  left  ventricle  through  the 
carotid.  Three  of  the  graphic  records  obtained  in  this  experiment 
were  published  in  our  earlier  paper. 

Equally  signal  failures  were  the  next  three  experiments.     Yet 

**  Brauer:  Mitteilungen  aus  den  Grenzgebieten  der  Medizin  und  Chirurgie, 
19041  ziii,  art.  xviii. 

••  Seidel  :  Itid.,  1907,  xvii,  art.  jtxiv  (complete  bibliography). 
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the  operative  and  experimental  procedures  were  the  same  as  in  the 
first  experiment,  except  that  the  apparatus  supplying  air  was  im- 
proved (as  we  then  supposed)  by  removing  the  side  tube  leading 
to  the  Mueller  valve  from  the  end  of  the  hose  connected  to  the 
gasometer  and  inserting  it  at  the  junction  of  the  hose  with  the 
tracheal  cannula.  In  this  manner  we  thought  to  afford  a  much 
fresher  supply  of  air  to  the  lungs;  for  if  we  consider  that  under 
the  earlier  arrangement  the  hose  constituted  merely  an  elongation 
of  the  trachea,  it  is  evident  that  by  this  change  the  stationary  air 
was  diminished  and  the  pulmonary  ventilation  increased.  Under 
these  conditions  three  successive  animals,  each  a  fair-sized  and 
vigorous  dog,  collapsed  rapidly.  The  heart-rate  rose  in  the  course 
of  the  first  half  hour  to  180  or  more  per  minute.  The  amplitude 
of  the  pulse  and  volume  curves  was  progressively  diminished.  In 
two  cases  arterial  pressure  began  to  fall  after  two  hours.  The 
pulse  slowed  somewhat,  but  was  still  rapid.  The  amplitude  of  the 
heart-beat  and  pulse  was  not  recovered.  The  respiration  became 
shallow.  At  the  end  of  three  hours  the  animals  were  in  a  dying 
condition.  In  another  case  the  animal  ceased  to  breathe  after  an 
hour  and  a  half,  although  the  arterial  pressure  had  not  fallen  and 
the  pulse  was  about  200  per  minute.  Indeed,  a  tendency  to  apnoea 
is  a  constant  and  significant  symptom  accompanying  tachycardia. 
Both  symptoms  are  due  to  a  subnormal  CO2  content  in  the  blood 
supply  to  the  cardiac  and  respiratory  centres. 

A  fifth  trial  of  the  Sauerbruch-Brauer  method  yielded  by  acci- 
dent the  key  for  the  adjustment  of  the  method  to  the  respiratory 
needs  of  an  animal.  The  conditions  of  the  experiment  were  the 
same  as  in  the  three  preceding.  Within  half  an  hour  the  animal 
had  developed  a  marked  tachycardia.  Believing  that  such  a  failure 
as  the  experiment  promised  to  be  might  as  well  be  ended  immedi- 
ately, one  of  us  turned  off  the  stop-cock  on  the  gasometer,  to  \vhich 
was  connected  the  hose  leading  to  the  tracheal  cannula.  The  lungs 
were  thus  left  distended,  and  the  animal  for  a  number  of  succes- 
sive respirations  repeatedly  inspired  and  expired  the  same  air  so 
far  as  the  respiratory  movements  were  effective.  To  our  astonish- 
ment the  heart-rate  immediately  slowed  down.  The  volume  curve 
of  the  heart  and  the  pulse  curve  regained  their  normal  amplitude. 
When,  however,  the  fresh  air  was  turned  on  again  by  reopening 
the  stop-cock  on  the  gasometer,  the  rhythm  of  beat,  after  remain- 
ing for  a  few  minutes  normal,  again  increased  in  rapidity. 
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Excessive  pulmonary  ventilation  was  thus  in  these  experiments 
also  indicated  as  the  cause  of  tachycardia  and  of  the  development 


FICUBE  3'  —  Air  was  forced  into  the  large  gasometer  by  an  automobile  pump  worked  by 
an  electric  motor.  A  weight  was  placed  on  top  of  the  gasometer  sufficient  to  give  a 
pressure  on  the  air  it  contained  of  about  13  cm.  of  water.  The  air  supply  was 
largely  in  excess  of  even  the  eilceme  needs  of  a  large  animal,  so  that  not  only  was 
the  gas  tank  kept  full  but  air  also  constantly  bubbled  from  under  its  edge  and  es- 
caped. The  outlet  tube  of  the  gasometer  opened  into  a  flask  of  about  a  litre  capacity. 
This  flask  had  two  other  openings.  Into  the  uppermost  opening  was  inserted  a  small 
separatory  fnnael.  By  blowing  into  the  funnel  through  a  tube  (not  shown)  the  ether 
was  forced  into  the  tiask  as  needed.  From  the  third  opening  a  piece  of  large  rubber 
hose  (2  cm.  interior  diameter  and  30  Cm.  long)  led  to  a  T-tube."  The  side  Opening 
of  this  T.tube  was  connected  by  a  short  piece  of  large  rubber  tubing  (10  cm.  long) 
with  a  glass  tube  (2  cm.  interior  diameter  and  30  cm.  long}  which  hung  in  a  jar  of 
water  [A)  so  that  the  loner  end  was  13  cm.  below  the  surface  of  the  water.  To  the 
third  opening  of  the  T-tube  was  attached  a  piece  of  rubber  tubing  (2  to  4  cm.  interior 
diameter  and  50  to  100  Cm.  length  according  to  the  siie  of  the  animal).  At  its 
Other  end  this  tube  connected  with  another  T-lube  similar  to  the  first  and  similarly 
connected  to  a  tube  hanging  in  another  jar  of  water  (B).  The  third  opening  of  this 
T-tube  was  connected  with  the  tracheal  cannula  by  as  short  a  piece  of  rubber  tubing 
as  possible.  Either  of  the  Mueller  valves  thus  formed  could  be  shut  off  by  pinching 
the  rubber  tubing  {above  A  or  B)  which  connected  the  side  openings  of  the  T-tube* 
with  the  glass  outlet  tubes  hanging  in  the  jars  of  water. 

of  shock.  In  the  long  series  of  experiments  which  followed  and 
which  form  the  second  series  in  our  previous  paper,  the  heart-rate 
was  regulated  by  means  of  the  apparatus  shown  in  Fig.  3. 

•*  The  T-tubes  were  obtained  from  a  plumber.     Pieces  of  gas  pipe  5  cm.  in 
length  were  screwed  into  their  openings. 


Digitized  byGoOgIc 


154 


Yandell  Henderson^ 


With  this  apparatus  variatitms  in  the  pulmonary  ventilation  were 
effected  in  a  very  simple  manner.  When  a  full  ventilation  was 
desired  the  Mueller  valve  near  the  gasometer  was  closed  and  that 
near  the  trachea  opened.  When  a  regulated  ventilation  was  de- 
sired the  former  was  opened  and  the  latter  nearly  or  completely 
closed.  A  further  regulation  was  obtained  by  means  of  the  stop- 
cock, which  opened  from  the  gasometer  into  the  etherizing  flask. 

TABLE   III. 
To  ACCOMPANY  Figure  4. 
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Shock. 

Even  under  the  fullest  ventilation  by  this  method  the  acceleration 
of  the  heart-rate  was  relatively  slow  as  compared  with  that  attain- 
able under  artificial  respiration.  At  the  first  attempt  an  increase 
in  half  an  hour  from  70  or  80  up  to  150  beats  per  minute  was  the 
usual  acceleration.  After  the  animal  had  once  become  distinctly 
acapnic  the  change  from  a  slow  to  a  rapid  heart-rate  could  be 
effected  much  more  quickly.  The  slow  pulse  induced  by  dimin- 
ished ventilation  after  an  interval  of  acapnia  was  always  charac- 
terized by  an  alternation  of  slow  full  beats  during  the  respiratory 
pause  and  quicker  narrower  beats  during  inspiration. 

On  the  question  why  an  animal  after  the  opening  of  its  thorax 
should  breathe  itself  into  acapnia  we  have  as  yet  no  sufficient  ex- 
planation. It  appears  probable  that  an  exhalation  of  COj  from  the 
pleura  may   occur.      Even  if   this  exhalation  occurs,   however,   it 
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does  not  explain  the  failure  of  the 
normal  adjustment  of  pulmonary  ven- 
tilation to  the  respiratory  needs  of 
the  animal.  This  matter  will  require 
further  investigation.  The  point  to 
be  emphasized  here  is  the  fact  that 
throughout  our  experiments,  when 
acapnia  was  altogether  prevented, 
shock  never  developed  even  when  the 
period  of  observation  lasted  all  day. 

Including  both  our  earlier  and  later 
experiments  with  this  method  of  respi- 
ration twenty-five  dogs  were  used.  In 
connection  with  three  of  the  later  ex- 
periments blood  gas  analyses  were  per- 
formed. Fig.  4  and  the  analytical  data 
accompanying  it  afford  an  example  of 
one  of  these  later  experiments. 

Summary. 

i.^'  In  dc^s  under  artificial  respira- 
tion the  development  of  shock  is  de- 
pendent not  upon  the  extent  of  the 
injuries  and  the  intensity  of  the  stimu- 
lations to  afferent  nerves,  but  upon  the 
rate  of  pulmonary  ventilation. 

2.  The  hypothesis  is  presented  that 
acapnia  (diminished  COj  in  the  blood 
and  tissues  resulting  from  hyperpnoea 
and  from  exhalation  of  COj  from  ex- 
posed viscera)  is  the  cause  of  surgical 
shock, 

3.  The  literature  of  COj  as  a  hor- 
mone is  reviewed  in  order  to  show  that 
the  failure  of  the  circulation  and  of  the 
nervous  system  in  shock  and  the  cessa- 
tion of  respiration  in  apnoea  vera  must 
logically  be  referred  to  the  same  cause, 
—  acapnia. 

}  th«  sections  suro- 
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4.  Experiments  are  described  in  which  by  the  effects  (probably 
upon  the  centres  in  the  spinal  bulb)  of  a  sudden  great  diminution 
itr  the  COj  content  in  the  arterial  blood  the  heart-rate  was  increased 
up  to  the  point  of  cardiac  tetanus,  and  death  resulted. 

5.  In  experiments  in  which  less  extreme  but  still  excessive  arti- 
ficial respiration  was  maintained  for  an  hour  or  more  a  condition 
of  typical  surgical  shock  developed. 

6.  By  regulating  the  rate  of  pulmonary  ventilation  by  the  method 
here  described  the  heart  can  be  adjusted  to  any  desired  rate  of 
beat. 

7.  The  reason  for  the  unsatisfactory  results  obtained  with  the 
Sauerbruch-Brauer  methods  of  respiration  is  to  be  found  in  the 
development  of  acapnia.  Prevention  of  acapnia  by  the  method  here 
described  prevents  the  development  of  shock. 

The  next  three  papers  of  this  series,  for  which  the  data  are  already 
complete,  will  deal  with  the  production  and  prevention  of  shock 
from  exposure  of  the  abdominal  viscera,  and  from  the  hyperpnoea 
of  pain  and  of  ether  excitement. 
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THE  PYRIMIDINE  DERIVATIVES  IN  NUCLEIC  ACID.' 
By  THOMAS   B.   OSBORNE  AND  F.   W.   HEYL. 


TJURIAN*  has  raised  the  question  whether  or  not  the  uracil  and 
■'-'  cytosine  that  are  obtained  by  severe  hydrolysis  of  nucleic  acids 
exist  preformed  in  the  molecule  or  are  formed  from  the  purines  by 
the  action  of  strong  sulphuric  acid  in  the  presence  of  carbohydrates. 
Experiments  which  Burian  made  by  heating  a  mixture  of  guanine 
or  adenine  and  various  carbohydrates  with  30-40  per  cent  sulphuric 
acid  were  the  basis  for  this  question.  He  obtained  pyrimidine  de- 
rivatives, one  of  which  resembled  the  isocytosine  of  Wheeler, 

In  view  of  the  controversy  which  this  question  has  raised  it  is 
important  to  obtain  evidence  which  will  be  conclusive  as  to  the 
primary  or  secondary  origin  of  the  pyrimidines  from  nucleic  acid. 
The  real  question  is  not,  can  the  pyrimidines  be  thus  obtained  from 
the  purines,  but,  arc  they  present  as  such'  in  the  molecule  of  nucleic 
acid? 

This  ought  to  be  answered  by  direct  experiments  on  the  acid  itself, 
and  not,  as  has  thus  far  been  done,  by  experiments  on  mixtures  of 
purines  and  carbohydrates  with  sulphuric  acid,  for  the  results  of 
such  experiments  do  not  give  a  direct  answer  to  the  question 
involved. 

It  seemed  to  us  that  a  definite  conclusion  could  be  easily  reached 
if  the  purines  were  first  removed  from  the  nucleic  acid  by  a  mild 
hydrolysis  and,  after  separating  them  from  the  solution,  subjecting 
the  remainder  of  the  acid  to  the  severe  hydrolysis  necessary  for  the 
liberation  of  the  pyrimidines.  The  essential  elements  of  such  an 
experiment  depend  on  obtaiTiing  positive  evidence  that  the  purines 
have  been  completely  separated  and  on  the  subsequent  isolaticMi  and 
absolute  identification  of  the  pyrimidines.    The  proof  of  the  absence 

>  The  expenses  of  this  investigation  were  shared  by  the  Connepticut  Agricnl- 
tnral  Experiment  Station  and  the  Carnegie  Institution  o(  Washington,  D.  C. 
*  Burian  :  Zeitschrift  fiir  phjsiotoKiscbe  Chemie,  1907,  li,  p.  438. 
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of  the  purines  is  easily  obtained  by  showing  that  no  ammonia  is 
formed  during  the  severe  hydrolysis,  for  each  molecule  of  pyrimi- 
dine  that  is  formed  from  the  purines  involves  the  production  of 
two  molecules  of  ammonia. 

The  results  of  the  experiments  that  we  have  tried  show  that 
almost  exactly  ten  sixteenths,  or  64  per  cent,  of  the  nitrogen  of 
tritico-nudeic  acid  is  split  off  by  boiling  for  two  hours  with  2  per 
cent  sulphuric  acid,  and  that  by  heating  the  remainder  of  the  acid 
with  20  per  cent  sulphuric  acid  for  two  hours  at  150°  no  ammonia 
whatever  is  formed,  and  that  both  cytosine  and  uracil  result  in  not- 
able quantity.  Frcon  this  we  can  conclude  that  these  pyrimidines 
are  primary  decomposition  products  of  the  tritico-nucleic  acid,  and 
further  tiiat  uracil  is  not  derived  from  cytosine,  for  this  also  in- 
volves the  production  of  ammonia. 

We  have  further  found  that  approximately  three  sixteenths  of 
the  nitrogen  of  the  nucleic  acid  is  precipitated  by  phosphotungstic 
acid  and  two  sixteenths  is  not  thus  precipitated,  thus  indicating  that 
one  molecule  of  cytosine  and  one  of  uracil  are  yielded  by  the  nucleic 
acid  for  every  four  atoms  of  phosphorus. 

Experiment  Ai.. 

In  an  oil  bath  20.8  gm."  of  tritico-nucleic  acid  were  boiled  with 
150  c,c.  of  2  per  cent  by  volume  sulphuric  acid  for  two  hours.  To 
the  resulting  solution  i  litre  of  2  per  cent  sulphuric  acid  containing 
15  gm.  of  silver  sulphate  was  added  while  hot.  After  twenty-four 
hours  the  large  precipitate  of  purine  silver  was  filtered  out  and 
carefully  washed.  This  silver  precipitate  was  decomposed  with 
hydrochloric  acid  and  the  solution  made  up  to  i  litre.  By  determin- 
ing the  nitrogen  in  an  aliquot  part,  this  solution  of  the  purines  was 
found  to  contain  2.06  gm.  of  nitrogen.  The  filtrate  from  the  silver 
precipitate  was  freed  from  silver  with  hydrogen  sulphide,  evaporated 
to  I  litre  and  25  c.c.  of  it  distilled  with  magne^um  oxide.  The 
ammonia  evolved  was  0.0014  gm.,  corresponding  to  0.0560  gm.  in 
the  entire  solution.  The  solution  from  which  this  ammonia,  was 
distilled  was  then  subjected  to  a  Kjeldahl  nitrogen  determinaticm, 
and  r.iooo  gm.  nitrogen  found  to  be  present  in  the  whole  solu- 
tion. The  original  solution  of  the  nucleic  acid  therefore  contained 
3.2160  gm.  of  nitrc^en.  Ten  sixteenths  of  this  is  2.01  gm.,  which 
agrees  closdy  with  the  2.06  gm.  found  in  the  purine  solution  and 
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also  with  the  previous  determinations  of  the  purines  by  direct  weigh- 
ing which  have  been  made  in  this  laboratory.  The  main  soluticMi 
containing  the  remainder  of  the  nucleic  acid  was  evaporated  until 
it  omtained  20  per  cent  by  volume  of  sulphuric  acid  and  then 
heat«l  for  two  hours  in  an  autoclave  at  150°.  The  solution  was 
filtered  from  the  large  mass  of  humus  that  had  fonned  which,  when 
washed  and  dried,  weighed  3.6875  gm.  equal  to  3.7797  gm.  allow- 
ing for  the  solution  used  for  the  nitrc^en  determination,  and  con- 
tained 0.0802  gm.  of  nitrogen.  The  filtrate  and  washings  of  the 
humus  were  made  up  to  1  litre  and  found  to  contain  practically  the 
same  quantity  of  ammonia  as  before  heating  at  150°,  namely, 
0,0533  ffto-  ^^  slight  difference  is  due  to  the  unavoidable  errors 
of  analysis,  which  in  this  case  were  multiplied  by  40.  The  remainder 
of  the  solution  was  then  treated  with  phosphotungstic  acid,  the 
resulting  precipitate  filtered  out,  deawnposed  with  baryta,  and 
0.8892  gm.  of  crude  cytosine  obtained.  When  once  recrystallized, 
this  substance  separated  in  plates  characteristic  of  cytosine  which 
browned  at  about  290°  and  deccMnposed  at  320°. 

The  air-dry  substance  when  dried  at  1 10°  yielded  14.06  per  cent 
of  water,  and  the  anhydroiM  substance  37.48  per  cent  of  nitrogen. 

Water,  0.2560  gm.  subst.  air  dried,  lost  0.0360  gm.  HjO  at  110°. 
Calculated  for  C^HiON,  -  H,0  =  H,0  13.97  P«r  ""L 

Found =  H,0  14.06  "     " 

Nitrogen,  0.0960  gra.  subst,  dried  at  1 10",  required  35.7  cc.  n/io  MCL 
Calculated  for  C«HiON,  =  N  37.83  per  cent. 
Found    .    .    .    .    =  N  37-48    "     " 

The  filtrate  from  the  phosphotungstic  acid  precipitate  was  freed 
from  phosphotungstic  and  sulphuric  acids  with  baryta  and  from 
baryta  with  carbonic  acid.  The  solution  and  washings  from  the 
barium  carbonate  were  concentrated  to  500  cc.  and  nitrc^en  de- 
termined in  25  cc.  of  the  solution.  The  amount  found  corresponded 
to  0.4000  gm.  of  nitrogen  in  the  whole  solution,  or,  allowing  for 
the  solution  used  for  the  previous  nitrogen  determinations,  to 
0.4200  gm.  This  quantity  is  approximately  two  sixteenths  of  the 
nitrc^en  of  the  nucleic  acid  which  was  hydrolyzed,  namely, 
0.4020  gm.  On  concentratit^  this  solution  uracil  separated  in 
characteristic  crystals  which  weighed  0.7325  gm.,  and  from  the 
mother  liquor  by  precipitating  with  silver  O.1300  gm.  more  was 
obtained. 
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After  once  recrystallizing,  this  uracil  decomposed  at  334°  and 
contained  24.70  per  cent  of  nitn^;en. 

Nitrogen,  0.1100  gm.  subst.  required  19.4  cc.  «/io  HCl. 

Calculated  for  QHiO.N,  =  N  25.00  per  cent  ^ 

Found     .     .     .     .    =  N  24.70    "      " 

The  total  amount  of  uracil  obtained,  allowing  for  the  solution 
used  for  the  nitrogen  determinations,  was  equivalent  to  0.9508  gm. 
This  quantity  is  probably  less  than  that  contained  in  the  solution, 
as,  owing  .to  an  accident,  a  large  part  of  the  final  solution  obtained 
from  the  silver  precipitate  was  lost. 

The  following  table  shows  the  distribution  of  nitrogen  at  the 
different  stages  of  the  preceding  operations : 

After  hydrolyzing  at  100°  with  2  per  cent  HjSO,, 

Purine  nitn^n 1.0600  gm. 

Ammonia  nitrc^cn     ....  0.0560   " 

Other  nitrogen t.iooo  " 

Total  nitrogen   ....  3.2160  " 

After  hydrolyzing  at  150°  with  20  per  cent  H^SO,, 

Ammonia  nitrogen    ....     0.0533  f?'°- 
Humus  nitrogen o.oSoa    " 

After  precipitating  with  phosphotungstic  acid, 

Nitrogen 0.4200  gm. 

Nitrogen  precipitated  by  phosphotungstic  acid     0.599S   " 

From  these  figures  it  appears  that,  leaving  out  of  considerati(Hi 
the  small  amount  of  ammonia,  nearly  three  sixteenths  of  the  nitro- 
gen was  precipitated  with  phosphotungstic  acid  and  a  little  more 
than  two  sixteenths  was  not  thus  precipitated.  This  would  indicate 
the  presence  of  one  molecule  of  cytosine  and  one  of  uracil  for  every 
four  atoms  of  phosphorus  in  the  nucleic  acid.  It  is  to  be  noted, 
however,  that  the  actual  quantity  of  cytosine  obtained,  0,8892  gm„ 
was  much  less  than  that  thus  calculated  from  the  nitrogen  precipi- 
tated with  phosphotungstic  acid,  namely,  1.49  gm.",  and  there  may 
well  be  serious  doubt  as  to  whether  such  an  amount  was  really 
present.  Cytosine  phosphotungstate,  however,  is  difficult  to  decom- 
pose with  baryta,  and  it  was  found  that  further  digesti(Hi  of  this 
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precipitate  with  hot  baryta  solution  did,  in  fact,  yield  a  Httle  more 
substance  which,  as  it  formed  a  picrate,  makes  it  probable  that  we 
did  not  obtain  all  of  the  cytosine  that  was  present.  The  amount 
of  uracil,  0.9508  gm.,  also  fell  short  of  that  calculated  from  the 
nitrogen  in  the  solution,  namely,  1.68  gm.,  but  as  there  was  a  not- 
able loss  of  the  solution  containing  this  substance,  we  certainly  failed 
to  secure  all  that  was  present. 

From  these  results  and  those  obtained  earlier  *  it  appears  that 
fifteen  sixteenths  of  the  nitrogen  of  the  nucleic  acid  probably  be- 
longs to  guanine,  adenine,  cytosine,  and  uracil,  of  which  one  mole- 
cule of  each  is  apparently  present  for  every  four  atoms  of  phos- 
phorus. The  other  one  sixteenth  of  the  nitrogen  remains  to  be 
accounted  for.  Of  this  0.0400  gm,  was  present  in  the  silver  pre- 
cipitate in  excess  of  the  amount  corresponding  to  ten  sixteenths. 
This  quantity  may  well  be  due  to  the  difficulty  of  washing  this 
bulky  and  gelatinous  precipitate  completely  free  from  all  other 
substances;  0.0560  gm.  was  ammonia  nitr(^;en;  0.0802  gm.  was 
in  the  humus,  and  0.0180  gm.  was  in  the  uracil  solution  above  the 
quantity  calculated  for  two  sixteenths,  doubtless  due  to  not  quite 
complete  precipitation  of  cytosine.  The  sum  of  these  quantities 
is  0.1942  gm.,  from  which  should  be  deducted  0.0032  gm.  for  the 
amount  by  which  the  nitrogen  of  the  phosphotungstic  acid  precipi- 
tate fell  short  of  that  calculated  for  three  sixteenths,  leaving  a  total 
of  0.1910  gm.  accounted  for  against  0.2010  gm.  calculated.  The 
deficit  of  o.oioo  gm.  is  readily  explained  by  the  fact  that  the 
errors  of  several  of  the  nitrogen  determinations  were  multiplied  by 
large  factors. 

This  nitrogen,  not  belonging  to  the  purines  and  pyrimidines, 
probably  belongs  to  some  other  still  unknown  decompositiwi  product, 
although  it  is  not  impossible  that  it  may  belong  to  a  substance  or 
substances  which  contaminated  the  preparation  of  nucleic  acid.  In 
view  of  the  practical  impossibility  of  making  preparations  of  nucleic 
acid  free  from  inorganic  bases,  it  is  easy  to  conceive  that  even  the 
most  carefully  purified  preparations  of  this  acid  may  still  contain 
nitrc^enous  bases  as  well. 

■  Osborne  and  Harris  :  Report  of  the  Connecticut  Agricultural  Experiment 
Station  for  1901,  p.  365;  also  Zcitschrift  fiir  physiologiache  Chemie,  1901,  sxxvi> 
p.8j. 
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THE  INCREASE  IN  THE  OSMOTIC  CONCENTRATION 
OF  THE  BLOOD  DURING  ETHER  AND  CHLORO- 
FORM ANESTHESIA. 

By  A.J.  CARLSON   and  A.  B.  LUCKHARDT. 
[J^WM  tlu  Hull  PhysMcgkat  taheratety,  tlu  Univtrtity  cf  Chicago.] 

IN  a  recent  paper  by  Carlson,  Greer,  and  Becht^  it  was  shown 
that  the  osmotic  pressure  of  the  blood  of  dogs  under  ether 
narcosis  and  of  horses  under  chloroform  narcosis,  as  determined 
by  the  freezing-point  method,  was  usually  considerably  greater  at 
the  end  of  an  experiment  than  at  the  beginning.  Since  this  increase 
in  osmotic  concentration  of  the  blood  was  too  great  to  fall  within 
the  limit  of  experimental  error,  a  study  of  the  cause  of  this  varia- 
tion was  undertaken  with  the  hope  that  the  mechanism  effecting 
this  change  in  concentration  might  be  discovered. 

Though  the  differences  in  osmotic  concentrations  which  they 
obtained  were  in  most  of  the  experiments  very  marked,  thdir  data 
are  not  conclusive.  In  many  of  their  experiments,  lasting  at  times 
more  than  three  hours,  there  was  elimination  of  saliva  and  cervical 
lymph,  and  since  chorda  saliva  and  especially  the  saliva  following 
an  injection  of  pilocarpin  is  not  only  abundant  but  also  very  dilute, 
it  is  possible  that  the  increased  concentration  of  the  blood  was 
simply  consequent  to  the  large  elimination  of  water  by  the  salivary 
glands. 

I.  Experimental  Methods. 

In  the  first  three  experiments  (Table  I,  i,  2,  3,)  the  animals  were 
lightly  anesthetized  with  ether  before  drawing  the  first  sample  of 
blood.  A  cannula  was  inserted  into  the  femoral  artery  and  10-15  c.c 
of  blood  were  collected  into  graduates  and  defibrinated  by  shaking 
with  a  few  pieces  of  glass.  During  the  course  of  the  ansesthesia, 
usually  lasting  from  two  to  two  and  a  half  hours,  the  ether  vapor 
was  administered  in  the  ordinary  way  through  a  tracheal  cannula. 

'  A.J.  Cari^on,  J.  R.  Greer,  and  F.  C.  Becht:  This  joumaJ,  xix,  1907, 
PP-  377.  379- 
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At  the  end  of  the  experiment  another  sample  of  15  c.c.  of  blood 
was  drawn  and  defibrinated  in  the  same  manner.  In  order  to  obtain 
the  blood  before  the  animal  was  subjected  to  the  anaesthetic  the 
procedure  in  Experiments  4  to  13  was  slightly  different.  The  skin 
and  subcutaneous  tissue  over  the  course  of  the  femoral  artery  was 
anesthetized  by  means  of  ethyl  chloride  before  exposing-  the  artery 
and  drawing  the  blood.  In  Experiments  9  and  10  a  subcutaneous 
injection  of  cocaine  along  the  course  of  the  femoral  artery  was 
given  in  place  of  the  ethyl  chloride. 

The  animals  used  were  large  cats  and  medium-sized  dogs.  Ether 
was  used  in  the  first  ten  experiments;  in  Experiments  10  and  12 
chloroform  was  employed,  and  in  Experiment  13,  morphine  chloro- 
form. The  ordinary  Beckmann  apparatus  was  employed  for  the 
freezing-point  determination. 

II.  Results. 

It  will  be  seen  from  Table  I  that  in  ten  out  of  the  thirteen  ex- 
periments the  blood  showed  an  increased  osmotic  concentration  at 
the  end  of  the  anaesthesia.  The  increase  of  A  varied  between 
0.004°  snd  0.086°,  the  average  increase  in  the  depression  of  the 
freezing-point  being  about  0.036°.  The  only  strikingly  negative 
result  was  obtained  in  Experiment  3,  where  the  decrease  of  A  at 
the  end  of  the  ether  anaesthesia  amounted  to  0.053. 

On  the  whole,  it  may  therefore  be  safely  said  that  ether  and 
chloroform  anaesthesia  increase  the  osmotic  concentration  of  the 
blood  serum. 

There  are  a  number  of  possible  causes  which  might  contribute 
to  this  increase  in  concentration : 

1.  First  of  all,  there  might  be  a  lack  of  compensation  by  the 
tissues  for  the  water  lost  in  the  expired  air.  It  is  conceivable  that 
the  partially  anaesthetized  tissues,  the  kidneys  included,  respond  less 
readily  to  the  osmotic  change  of  the  blood  due  to  evaporation  from 
the  lungs  and  skin.  If  this  is  a  factor,  we  would  expect  the  osmotic 
concentration  to  be  directly  proportional  to  the  duration  of  the 
anaesthesia,  but  this  does  not  appear  to  be  the  case  in  our  experiments, 

2.  There  might  be  a  complete  or  partial  suppression  of  the  urine 
during  the  course  of  the  anaesthesia.  This  would  increase  the  os- 
motic concentration  of  the  serum.'    In  some  of  the  dc^s  this  was 

*  SEOAI.E:  Archives  italiennes  de  biologic,  1907,  xlvii,  p.  373. 


Digitized  by  Google 


1 64 


A.  y.   Carlson  and  A.  B.  Luckkardt. 


the  case,  though  this  was  never  true  in  the  experiments  on  cats. 
On  the  other  hand,  this  suppression  of  urine  formation  might  be 
counterbalanced  by  a  diminished  metabolism  of  the  body  in  gen- 
eral. Hence  the  mere  fact  of  partial  suppression  of  the  urine 
does  not  prove  that  this  is  the  cause  of  the  increased  osmotic 
concentration. 

TABLK   I. 

The  increase  in  osmotic  concentration  of  the  serain  in  elher  and  cMorofonn  oarcosU. 
In  Experiments  1,  2,  and  3  the  animals  were  under  light  narcosis  at  the  time  of  drawing 
the  Grst  sample  of  blood.  In  the  remaining  expetiments  the  6nt  blood  sample  was  drawn 
before  administration  of  the  anaesthetic. 


Exp. 

Animal. 

dof  blood 
before 

Length  of 

A  of  blood 
after 

Increase 
aid. 

Decrease 
of  A. 

Narcotic. 

Dog 

0.620 

120  min. 

0.630 

0.010 

Ether 

II. 

Cat 

0*78 

150  min. 

0.728 

0.050 

Ether 

III. 

Cat 

a720 

ISO  min. 

0.667 

0.0S3 

Elher 

IV. 

Cat 

Q.655 

120  min. 

0*11 

0.026 

Ether 

V. 

Cat 

a693 

ISO  rain. 

a720 

0.027 

Ether 

VI. 

Cat 

0AS9 

ISO  min. 

0.689 

0.030 

Ether 

VII. 

Cat 

a633 

120  min. 

0.719 

0.066 

Etber 

VIII. 

Cat 

a693 

120  min. 

0.690 

0^X13 

Ether 

IX. 

Dog 

0.639 

IS  min. 

0690. 

0.0S1 

Ether 

X. 

Dog 

0.603 

120  min. 

0.651 

0.043 

Elher 

XI. 
XII. 
XIII. 

Cat 
Cat 
Dog 

0.660  1 
0.70Z  j 
0.613  j 

30  min. 
120  min. 

45  min. 

90  min. 
lOS  min. 
ISO  min. 

0.666 
0.664 
0666 

0.6B4 
0.642 
0.639 

0006 
0004 

0029 
0026 

0036 

0.018 

Chloro- 
form 
Chloro- 
form 
Mori^inc- 
chloroform 

3-  That  hyperglycemia  may  be  a  factor  in  causing  the  increased 
concentration  of  the  blood  during  anaesthesia  in  cats  is  possible, 
since  the  cat's  urine  at  the  end  of  the  anaesthesia  invariably  shows 
an  abundance  of  sugar  when  tested  with  Fehling's  solution.  Normal 
cat's  urine  gives  no  sugar  test  with  Fehling's  solution.  But  ordi- 
nary ether  anaesthesia  does  not  produce  hyperglycemia  in  dogs, 
although  it  effects  oanotic  concentration. 

4-  Owing  to  the  hemolytic  action  of  ether  and  chloroform,  salts 
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may  be  liberated  from  the  "corpuscles  of  the  blood.  Deep  anaesthesia 
bordering  on  death  is  accompanied  by  some  lakii^  both  in  dog 
and  cat.  But  ether  narcosis  sufficiently  deep  to  abolish  the  corneal 
reflex  usually  does  not  cause  any  laking,  at  least  during  the  first 
hour.  Unless  the  anaesthetics  act  on  the  corpuscles  in  a  way  to 
liberate  the  salts  before  the  liberation  of  the  hemoglobin,  the  os- 
motic concentration  of  the  serum  in  aneesthesia  cannot  be  the  re- 
sult of  hemolysis,  although  it  may  be  one  of  the  factors  in  deep 
anaesthesia. 

5.  Alcock '  found  that  chloroform  acting  on  the  skin  of  the 
frog  caused  a  diminution  of  electrical  resistance  of  about  24  per 
-  cent  and  of  polarization  of  about  10  per  cent.  This  observer  be- 
lieves that  the  action  of  chloroform,  namely,  "  the  breaking  down 
of  a  serai-permeable  apparatus,  is  the  characteristic  action  of  an 
anaesthetic  on  living  tissues."  If  this  is  the  case,  water  would  pass 
from  the  blood  into  the  tissues,  and  some  of  the  salts  would  prob- 
ably pass  from  the  tissues  into  the  blood,  since  the  osmotic  con- 
centration of  tissue  cells  is  higher  than  the  osmotic  concentration 
of  the  blood  serum. 

Diffusion  of  the  electrolytes  from  the  tissue  cells  into  the  lymph 
and  blood  stream  during  anaesthesia  may  be  effected  by  liberation 
of  electrolytes  within  the  cells  without  any  change  in  the  permea- 
bility of  the  cell  walls.  Roaf  and  Alderson  *  have  recently  published 
results  which  show  that  chloroform,  ether,  carbon  dioxide,  acetic 
acid,  and  heat  coagulation  cause  a  physical  change  in  the  condition 
of  the  inorganic  constituents  of  tissues.  This  change  consists,  at 
least  in  part,  in  a  liberation  of  electrolytes.  Under  these  conditions 
salts  are  detached  from  erythrocytes,  minced  brain.  liver,  muscle, 
and  kidney,  but  not  from  the  constituents  of  blood  serum.  That  . 
bloofl  serum  sets  free  no  salts  when  thus  treated  remains  a  signifi- 
cant fact.  If  only  moderate  quantities  of  the  anaesthetics  had  been 
used  by  Roaf  and  Alderson,  their  results  might  have  been  ap- 
plicable to  conditions  of  normal  anaesthesia.  To  50  c.c.  or  50  gm. 
of  the  minced  tissue  they  added  as  much  as  20-30  c.c.  of  ether. 
When  such  quantities  of  ether  or  chloroform  are  used,  we  cannot 
be  certain  that  we  are  dealing  with  maximum  effects  of  ordinary 
anaesthesia.     According  to  Buckmaster  and  Gardner  "  the  amount 

*  Alcock  :  Proceedings  of  the  Royal  Society,  1906,  Ixxvii),  p.  159. 

*  Roaf  and  Alderson  :  Biochemica)  journal,  1907,  ii,  p.  412. 

*  BucKHASTER  and  Gakdker  :  ProceediDgt  of  the  Royal  Society,  1906,  Ixxvii, 

B,  p.  414. 
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of  chlorofonn  in  the  blood  at  the  disappearance  of  the  conjunctival 
reflexes  in  cats  amounts  to  14-27  mg.  per  100  gm.  of  blood,  and 
only  rises  to  40  mg.  per  100  gm.  of  blood  at  the  cessation  of  respira- 
tion, Nicloux*  found  that  the  amount  of  ether  per  lOO  gm,  of 
liver,  brain,  kidney,  and  muscle  never  rises  above  176  mg.  at  the 
moment  of  the  death  of  the  animal,  and  that  the  amount  of  the 
anxsthesia  in  the  blood  at  the  time  of  death  never  rises  above  170  mg, 
per  100  C.C.'  The  large  quantities  of  ether  and  chloroform  used 
by  Roaf  and  Alderson  evidently  killed  and  partly  dissolved  the 
tissues,  thus  liberating  some  of  the  salts  contained  in  the  cell.  This 
view  is  further  strengthened  by  the  fact  that  no  electrolytes  were 
split  off  when  the  ether  and  chloroform  were  added  to  blood  serum. 

6.  Finally,  there  remains  the  possibility  that  the  increased  os- 
motic concentration  of  the  blood  after  narcosis  is  due  to  the  osmotic 
pressure  of  the  anaesthetic  dissolved  in  the  serum.  Three  experi- 
ments (Table  I,  Exp.  11,  12,  and  13)  showed  that  the  length  of 
the  narcosis  has  no  appreciable  effect  on  the  concentration,  inasmuch 
as  samples  of  blood  drawn  at  the  end  of  two  hours  were  less  con- 
centrated than  those  drawn  during  the  first  half  or  one  and  three- 
fourths  hours  of  ansesthesia.  These  facts,  together  with  the  result  ' 
of  Experiment  9,  where  an  increase  of  0.051  of  A  followed  a  fatal 
anaesthesia  of  fifteen  minutes,  suggests  the  possibility  that  the  in- 
creased concentration  of  the  blood  varies  directly  with  the  depth 
of  the  anaesthesia,  and  might  be  due  entirely  to  the  osmotic  pres- 
sure of  the  anaesthetic  itself. 

To  determine  what  effect  pure  ether  has  in  lowering  the  freezing- 
point  of  distilled  water,  i,  2,  3,  and  4  drops  were  added  to  as  many 
flasks  containing  25  c.c.  of  water.  Evoi  at  this  dilution  the  ether 
causes  a  lowering  of  the  freezing-point  averaging  about  0.016° 
per  djop  (Table  II).  Three  series  of  experiments  were  carried 
on  with  ether  at  a  still  greater  dilution.  One,  2,  3,  4,  and  some- 
times 5  drops  of  ether  were  added  to  as  many  flasks,  each  con- 
taining 50  c.c.  of  distilled  water.  As  can  be  gathered  from  an 
inspection  of  Table  II,  the  average  depression  of  A  per  drop  of 
ether  at  this  dilution  amounted  to  0,008°, 

The  increased  osmotic  concentration  of  the  blood  of  an  animal 
under  ether  and  chloroform  anaesthesia  may  thus  be  due  merely 
to  the  anaesthetic  dissolved  in  the  serum.    If  this  is  the  main  factor, 

•  NicLOUX :  Comptes  rendus,  1907,  cxliv,  p.  341. 

'  NiCLOUx  :  Comptes  rendiu  de  la  Soci^t^  de  biologie,  1906,  Ixi,  pp.  238-131. 
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the  osmotic  concentration  of  the  blood,  as  determined  by  the  freez- 
ing-point determination,  ought  to  vary  directly  with  the  depth  of 
anaesthesia  at  the  time  blood  is  drawn. 

To  test  this  hypothesis  on  the  living  animal  15  c.c.  of  blood  was 
drawn  without  ancesthesia  from  the  femoral  artery  of  a  lai^e  dog, 
in  the  manner  described  above.  The  A  of  this  blood  was  0.648°. 
The  dog  was  now  anaesthetized  with  ether  so  deeply  that  he  had 
to  be  resuscitated  by  means  of  artificial  respiration  after  the  second 
sample  of  15  c.c.  of  blood  had  been  drawn.    The  A  of  this  sample 
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was  0.713",  —  an  increase  of  0.065°  •"  the  fifteen  minutes  of  deep 
anaesthesia.  The  dog  was  now  kept  under  light  ether  anassthesia 
for  one  hour.  The  ether  was  completely  cut  off,  and  when  the 
animal  became  sufficiently  conscious  to  readily  follow  thS  move- 
ment of  the  hand  as  it  passed  from  side  to  side  before  its  eyes,  a 
third  sample  of  blood  was  drawn  from  the  femoral  artery.  The 
A  of  the  blood  had  fallen  to  0.653°  from  0.713°.  The  dog  was 
again  put  under  deeply  by  vigorously  pushing  the  anassthetic.  In 
fifteen  minutes,  when  sample  4  was  taken,  respiration  was  very 
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feeble.  The  A  of  this  sample  was  0.722°.  The  aiuesthetic  was 
pushed  still  more.  After  drawing  off  the  last  sample  the  respira- 
tion had  stopped  and  the  animal  had  to  be  resuscitated.  The  blood 
was  venous  and  gave  as  A,  0.737°.  These  variations  are  repre- 
sented graphically  in  Fig.  i,  the  A  of  the  various  samples  being 
plotted  along  the  vertical,  the  time  of  drawing  the  various  samples, 
I,  2,  3,  4,  and  5,  being  plotted  along  the  horizontal  line. 

The  fact  that  the  osmotic  con- 
centration varies  with  the  depth 
of  the  anesthesia  is,  however, 
not  in  itself  a  conclusive  proof 
that  this  concentration  is  solely 
due  to  the  anassthetic  dissolved 
'  in  the  serum,  as  the  other  pos- 
sible factors  —  laking.  change 
in  permeabihty  of  the  tissue 
cells,  etc.  —  would  also  vary 
directly  with  the  degree  of  an- 
aesthesia. Burton-Opitz  *  has 
shown  that  deep  ether  and 
chloroform  narcosis  increases 
ro(7h7«rum  ^th  th«    the  viscosity  of  the  blood,   in- 

Tariation  in  the  degree  ol  anesthesia,     dicating      an      increase      in      the 

The  periods  of  deep  .n«»thMLa  are  indi-    percentage  of  the  Organic  con- 

caied  by  the  broken  line,  the  period  of  ,.,         ^  °.       ^,       .  ,       ? 

light  anwlhesla  by  the  continuoM  line.  Stltuents    m    the   blood.    or   SOme 

The  figures  on  the  carve  indicate  the  change    in    the   physical    State    of 

time  of  drawing  of  the  blood  samples.  these   Constituents. 

III.  Summary  and  Conclusions. 

1,  During  chloroform  and  ether  anaesthesia  there  is  an  increase 
in  the  osmotic  concentration  of  the  blood  as  compared  to  that  of 
the  normal  blood.  This  increase  in  the  osmotic  concentration  ap- 
pears to  be  directly  proportional  to  the  depth  of  the  ansesthesia  and 
independent,  at  least  to  a  considerable  extent,  of  the  duration  of 
the  anassthesia. 

2.  The  main  factor  in  this  increased  osmotic  concentration  is 
the  ether  or  chloroform  itself  dissolved  in  the  serum.  Other  factors, 
discussed  in  the  body  of  this  report,  can,  however,  not  be  excluded. 

■  Burton-Opitz:  Journal  of  physiology,  1905,  xxxiii,  p.  385. 


Digitized  by  Google 


A  NOTE  ON  THE  UNION  OF  THE   PROTEINS  OF 
SERUM  WITH  ALKALI. 

By   LAWRENCE  J.    HENDERSON. 

[From  til  LaiertUvry  e/  Biolegical  Chemistry  in  Ike  Harvard  Mtiiiiai  Schaal.^ 

A  LTHOUGH  it  is  now  more  than  half  a  century  since  the  pos- 
■**■  sibility  of  union  of  proteins  with  acids  was  first  suggested,' 
and  though  their  capacity  to  combine  with  acids  and  alkalis  has  long 
been  established  and  quantitatively  studied,^  we  are  still  ignorant  of 
the  degree  to  which,  in  the  body,  alkali  compounds  of  proteins  may 
exist,  as  a  result  of  the  very  faint  preponderance  of  alkalinity  in 
blood  and  probably  also  in  protoplasm. 

The  matter  of  the  compounds  of  the  plasma  proteins  with  alkali 
is  of  special  importance  in  the  theory  of  carbonic  acid  transport,  for 
it  is  now  generally  believed,  in  accordance  with  the  experiments  of 
Sertoli  and  Hoppe-Seyler  and  the  clear  discussion  of  Zuntz,*  that 
the  passing  off  of  carbonic  acid  from  the  blood  involves  a  transfer 
of  sodium  from  carbonic  acid  to  protein.  Indeed  we  are  at  a  loss 
how  else  to  explain  this  highly  important  phenomenon,  in  that  no 
other  substance  is  known  to  occur  in  blood  plasma  in  sufficient 
amount  to  play  an  important  role  in  this  matter,* 

In  view  of  the  extreme  delicacy  of  adjustment  of  such  equilibria 
in  the  organism,  it  may  well  seem  a  hopeless  task  accurately  to  char- 
acterize this  equilibrium,  where  one  of  the  factors  in  the  reaction  is 
a  mixture  of  indeterminate  composition  and  doubtful  physical  state. 
None  the  less  it  is  clear  that  present  methods  hold  out  hope  of  at 
least  an  approximate  determination  of  the  role  of  the  proteins  in  this 
important  matter,  and  it  may  be  said  with  confidence  that  our  scanty 
knowledge  of  protein  alkali  compounds  in  their  quantitative  rela- 

*  C.  ScHHmT:  Aniulen  der  Chemie  nnd  Pharraacie,  1847,  Ixi,  p.  317. 

*  By  RiCHBT,  F.  A.  Hoffmann,  Sjoqvist,  Bugarsky  and  Liebermann, 
Hardy,  and  others. 

*  See  the  article  by  Zuntz  in  Hermann's  Handbach,  vol.  iv,  ii,  p.  64. 

*  See  the  article  1^  Bohr  in  Nagel's  Handbuch,  i,  pp.  iSo  B. 

169 


Digitized  by  Google 


170  Lawrence  y.  Henderson. 

tionships  is  not  inconsistent  with  the  ideas  whidi  are  forced  upon  us 
a  priori  by  our  knowledge  of  carbtMiic  acid  transport. 

This  paper  presents  a  report  of  certain  simple  preliminary  experi- 
ments which,  on  the  probably  safe  assumption  that  the  senim  pro- 
teins behave  with  alkalis,  on  the  whole,  like  simple  substances  in  true 
solution,  indicate  the  magnitude  of  the  union  between  such  sub- 
stances in  very  faintly  alkaline  solutions.  The  results  offer  nothing 
more  than  a  first  approximation  to  a  characterization  of  the  com- 
plicated equiHbrium  involved,  and  they  are  presented  only  because 
such  knowledge  is  wholly  lacking. 

Experimental  Part. 

Three  samples  of  fresh  blood  serum  from  the  pig  were  mixed  with 
large  quantities  of  toluol  and  permitted  to  dialyze  during  periods  of 
from  eight  to  ten  days  against  running  water.  Once  in  twenty-four 
hours  100  c.c.  of  saturated  neutral  sodium  chloride  solution  per  litre 
of  serum  were  added  to  the  fluids.  At  the  end  of  the  dialysis  the 
liquids  were  perfectly  clear,  and  in  only  one  case  was  there  a  measur- 
able precipitate  of  globulin.  In  all  three  cases  It  was  found  necessary 
to  add  small  but  appreciable  quantities  of  alkali  to  the  solutions  in 
order  to  obtain  the  neutral  reaction  with  rosohc  acid.  This  indicates 
conclusively  that  the  diffusible  alkaline  substances  of  the  serum  had 
been  effectively  reanoved  by  the  process  of  dialjrsis,  and  it  presents  a 
sufficient  guarantee  that  not  more  than  traces  of  protein  alkali  cc«n- 
pounds  can  have  been  present. 

In  such  preparatitxis  as  these  it  may  be  assumed  that  after  the 
addition  of  sufficient  alkaH  to  make  the  reaction  precisely  neutral, 
the  only  substances  present  which  can  still  combine  with  alkalis  in 
appreciable  amount  are  the  serum  proteins.  Accordingly  the  power 
of  these  solutions  to  neutralize  sodium  hydrate  may  be  regarded  as 
a  measure  of  the  sodium  protein  compounds  of  the  blood  plasma, 
fibrinogen  being  disregarded. 

The  determination  of  the  combining  power  of  the  preparations 
with  sodium  hydrate  were  carried  out  according  to  the  method  of 
Salm,  which  is  probably,  in  cases  such  as  this,  nearly  if  not  quite  as 
accurate  as  the  ordinary  determinations  based  upon  measurements 
of  electromotive  force.  The  procedure  consisted  in  diluting  10  c.t 
portions  of  the  solutions  to  500  c.c.  with  dilute  sodium  chloride  solu- 
tion," and  titrating  to  the  neutral  point  as  indicated  by  rosolic  acid 

*  It  wu  found  that  dilution  did  not  appreciably  affect  tbe  end  point  of  the 
titratioD. 
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and  to  the  first  famt  coloration  with  phcnolphthalein,  which  indi- 
cates a  hydrogen  ionization  of  approximately  0.03  X  10"''.  The 
difference  between  these  two  titrations  probably  indicates  pretty 
accurately  the  amount  of  sodium  in  combination  with  protein  at  the 
above-mentioned  hydrogen  ionization,  that  is  to  say,  when  the 
hydroxy]  ionization  is  about  20  X  lo~'. 

The  observati(»is  are  as  follows,  the  sodium  hydrate  soluticHi  being 
0.061  N. 

Preparation  I. 

ConMntntion  of  proteins  3.B  p«T  cent  —  Alkali   required  to  obtain 
neutral  reaction  with  rosolic  acid : 

I.IOG.C.  1.08  cc. 

1. 13  c.c.  Av.  I.IOC.C 

Alkali  required  to  obtain  coloration  of  phenolphthalein : 

1.70  cc.  1.73  <=-<^* 

1.70  cc.  Av.  1.71  cc. 

Preparation  II. 

CoiKwntnttion  of  protaliu  l.S  p«  cmt.  —  Alkali  required  to  obtain 
neutral  reaction  with  rosolic  acid : 

0.35  cc.  0.3s  cc 

0,40  c.c.  Av.  0.37  CO. 

Alkali  required  to  obtain  coloration  of  phenolphthalein : 

0.60  c.c  0.60  cc 

0.55  cc  O.S5  cc 

Av.  0.58  cc. 

Preparation  III. 

ConMatnUon  of  proteins  2.0  p«r  cent.  —  Alkali  required  to  obtain 
neutral  reaction  with  rosolic  acid : 

0.40  c.c  0.40  c.c. 

a4o  c.c  Av,  0,40  cc. 

Alkali  required  to  obtain  coloration  of  phenolphthaldn : 

0.75  cc  0.75  cc 

0.80  cc  Av.  0.77  cc 
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These  results  indicate  that  in  an  8  per  cent  solution  of  the  pro- 
teins, such  as  exists  in  blood,  the  amount  of  alkali  in  combination 
with  proteins  at  a  hydroxy!  ionization  of  about  20  X  10"'  is: 

1 0.0085  N 

11 0.0085  N 

III 0.0090  N 

Average 0.0088  N 

The  hydroxy!  icmization  in  blood  is  about  one  tenth  of  tliat  for 
which  the  a!x)ve  results  are  calculated,  and  for  small  changes  in 
hydroxy!  ionization  the  concentration  of  alkali  protein  compounds 
prolMibiy  varies  not  far  from  proportionately  to  the  variation  in  the 
hydroxyl  ionization.  The  outcome  of  this  investigation,  then,  is  that 
the  concentration  of  sodium  protein  compounds  in  norma!  blood 
plasma  at  18°  is  not  far  from  o.ooi  N. 

This  concentration,  however,  is  probably  only  about  1/20  of  the 
concentration  of  sodium  bicarlxjnate  in  blood,  and  it  does  not  seem 
probable  that  the  diminution  in  sodium  bicarbonate  content  of  blood 
should  be  accompanied  by  a  four  or  five  fold  increase  in  the  sodium 
protein  compounds  when  carlxMiic  acid  is  given  off  in  tlie  lung ;  for 
that  would  involve  a  four  or  five  fold  increase  in  the  hydroxyl 
ionization. 

Evidence  has  l)een  obtained  in  this  tal>oratory,  however,  that  there 
is  a  material  increase  in  the  alkalinity  of  blood  as  the  temperature 
rises,  and  that  the  alkalinity  of  blood  at  t>ody  temperature  is  several 
times  greater  than  at  18".  If  this  change  in  hydroxyl  ionization  with 
the  temperature  is  accompanied  by  a  corresponding  increase  in  the 
sodium  protein  ccnnpounds.  the  concentration  of  the  latter  substances 
in  blood  in  the  l>ody  would  l«come  so  much  greater  than  above  cal- 
culated as  to  correspond  to  expectations  based  upon  the  theory  of 
car!>onic  acid  transport.  In  any  case  it  is  clear  from  this  investiga- 
tion that  the  concentration  of  sodium  protein  compounds  in  blood 
is  at  least  of  the  order  of  magnitude  which  was  to  be  expected,  and 
that  sucli  compounds  can  play  an  important  role  in  carlxmic  acid 
excretion. 
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CONCERNING  THE  RELATIONSHIP  BETWEEN  THE 
STRENGTH  OF  ACIDS  AND  THEIR  CAPACITY  TO 
PRESERVE  NEUTRALITY. 

Bv  LAWRENCE  J.    HENDERSON. 

[From  thi  Laboratory  of  Biological  Chtmithy  in  the  Harvard  Mtdicat  Sche<dl\ 

TN  the  light  of  relationships  already  discussed  concerning  the 
-^  mechanism  for  the  preservation  of  neutrality  in  the  animal  or- 
ganism,* it  is  interesting  to  consider  what  the  principles  underlying 
the  regulation  of  the  reaction  of  a  simple  solution  may  be,  for  in 
this  way  it  may  be  possible  to  discover  how  closely  the  physiological 
mechanism  approaches  to  idea!  conditions. 

According  to  the  mass  law,  in  the  pure  solution  of  a  weak  acid, 
HA,  the  relationship  holds, — 

k  ■  (HA)  =  iff)  -  {A), 

where  k  is  the  ionization  constant  of  the  acid  and  the  enclosed 
quantities  represent  the  concentrations  of  the  respective  substances. 
This  equation  may  be  more  conveniently  written 

{A) 

If  now  the  sodium  salt,  or  other  salt  with  a  strong  base,  of  the  acid 
be  introduced  into  such  a  solution  as  is  above  considered,  it  is  evi- 
dent that  we  shall  have  the  following  condition.  The  concentration 
of  unionized  molecules  of  acid  will  be  almost  precisely  equal  to  the 
total  amount  of  acid  present,  while  the  concentration  of  the  ions 
(A),  much  increased  because  of  the  presence  of  the  salt,  will  be 
equal  to  the  concentration  of  the  salt  multiplied  by  its  degree  of 
dissociation.  This  latter  factor,  varying  with  the  strength  of  the 
acid  and  the  concentration  of  the  salt,  will  usually  not  be  less 
than  O.6. 

We  may  therefore  write  the  equation,  — 

•  See  Henderson  and  Black  ;  This  journal,  1907,  xviii,  pp.  zjo-a^j. 
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where  K  is  the  ionization  constant  of  the  acid  divided  by  the  degree 
of  ionization  of  the  salt,  and  HA  and  MA  represent  the  amounts 
of  acid  and  salt  present  in  the  solution. 

From  an  inspection  of  the  above  equation  it  is  easy  to  see  that 
if  K  is  equal  to  the  hydrogen  itmization  at  neutrality,  approximately 
I  X  10"'',  the  conditions  will  be  exceedingly  favorable  for  the 
maintenance  of  neutrality.  For  at  neutrality  the  ratio  between  acid 
and  salt  must  then  be  equal  to  i,  and  accordingly  the  addition  of 
acid  or  alkali  will  here  influence  but  slightly  the  magnitude  of  the 
ratio,  at  least  at  first,  thereby  influencing  but  slightly  the  hydrogen 
ionization.^ 

It  may  readily  be  shown  that  in  general  the  preservation  of 
neutrality  within  any  range  of  acidity  and  alkalinity  is  most  effi- 
cient when  K  is  equal  to  the  square  root  of  the  water  constant. 

Let  K  =  k  ■  VChjO,  when  Ch,o  is  the  water  constant. 

Then  (^)  =  ^-*- V^;^, 


=  R  (the  ratio  between  acid  and  salt). 


The  rate  of  change  in  hydrogen  ionization  as  R  changes  may 
be  found  by  dififerentiating  equation  (I)  with  respect  to  R,  and 


\ 


'  This  conclusion,  developed  in  wholly  di£Eerent  connections,  was  presented  at 
a  meeting  of  the  Physico-Chemical  Club  of  Boston  and  Cambridge  simultaneously 
by  E.  W.  Washburn  and  myself ;  see  E.  W.  Washburn,  Journal  of  the  American 
Chemical  Society,  1908,  xn,  p.  31- 


□igitized  by  Google 


^w. 


Strength  of  Acids  and  Neutrality.  \  75 

similarly  the  rate  of  change  in  hydroxy!  ionizatitMi  as  -^  changes 
by  diflferentiating  equation  (II)  with  respect  to  ^.  Thus  we  obtain 
the  equations,  — 

(III) 


(IV) 


Clearly,  for  the  most  efficient  preservation  of  neutrality,  the  sum 
of  these  two  rates  of  change  must  be  as  small  as  possible.  Repre- 
senting the  sum  of  the  rates  of  change  by  S,  we  may  write  the 
equation,  — 

(V)  S  =  k.  \/'C,^,Q  +  ^  ■  Vc^ 

The  condition  that  ^  may  be  as  small  as  possible  may  be  found  by 
differentiating  with  respect  to  K  and. putting  the  derivative  equal 
to  o ;  that  is  to  say,  »•  4^^ ■ ../ 1     , 

whence  (VI)  *  =  ■■ 

(VII)  LJ;,'S-. 

This  theoretical  conclusion  may  be  readily  verified  with  a  mod- 
erate but  sufficient  degree  of  accuracy  by  simple  titration  experi- 
ments with  properly  chosen  indicators,  in  accordance  with -the  recent 
studies  of  Salm.'  Thus,  using  solutions  of  the  acids  mono-sodiimi 
phosphate,  carbcmic  acid,  acetic  acid,  hydrogen  sulphide,  picolinic 
acid,  boric  acid,  and  phenol,  I  have  found  that  to  pass  from  one 
standard  coloration  with  rosolic  acid  to  another  standard  colora- 
tion, it  is  necessary  to  use  the  greatest  amount  of  alkali  for  hydro- 
gen sulphide;  mono-sodium  phosphate  and  carbonic  acid  follow 
closely,  and  the  other  substances  at  a  greater  distance. 

The  experiments  were  carried  out  by  simple  titration,  using 
solutions  that  varied  between  0,04  N  and  0.12  N*  in  individual  cases. 

*  E.  Salm:  Zeitschrift  fur  physikalische  Chemie,  1906,  Ivii,  p-47i. 

*  The  add  substances  are  all  regarded  as  moao-basic 
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The  colors  were  always  compared  with  standard  colors  given  by 
mixtures  of  mono  and  di-sodium  i^iosphate,  and  at  least  three 
detenntDations  were  made  in  every  case.  No  difficulty  was  ex- 
perienced save  in  the  case  of  hydrogen  sulphide,  where  it  was  finally 
found  better  to  titrate  from  the  color  with  neutral  red  given  by  a 
solution  of  mono-  and  di-sodium  phosphates  in  the  ratio  i  :  i  to 
the  color  given  by  a  similar  solution  in  the  ratio  i  :  d.j  with  rosolic 
acid.  The  data  of  these  determinations  are  presented  as  an  ex- 
ample of  the  perfectly  simple  procedure: 


NaOH     . 
NaH.PO. 


0.082  N. 
0.045  N. 


Fin 


.c.  NaH.PO,     .     .  4.00  C.C.  NaOH 

c.  H,S    ....  i.ss  C.C.  NaOH 

,c.  H,S     ....  1.15  C.C.  NaOH 

;.  H,S     .     .     .     .  1,15  C.C.  NaOH 

:.  H^     .     .     .     .  1.35  C.C.  NaOH 


Second  color. 
7.00  C.C.  NaOH. 
3.30  C.C.  NaOH. 
3.3s  CO.  NaOH. 
3.00  C.C.  NaOH. 
3.00  C.C.  NaOH. 


On  the  average,  as  appears  from  the  above  table,  the  first  color  was 
given  by  a  solution  containing  hydrogen  sulphide  and  its  acid  sodium 
salt  in  the  ratio  i  ;  0.42,  and  the  second  color  by  a  similar  mixture 
in  the  ratio  i  :  2.5. 

In  the  following  table  are  presented  the  results  of  these  titrations, 
expressed  in  the  form  of  the  relative  amounts  of  alkali  required  for 
equivalent  solutions  of  the  different  acids  to  pass  from  the  erne 
standard  coloration  to  the  other,  the  amount  of  alkali  required  for 
mono-sodium  phosphate  being  used  as  the  basis  for  comparison. 


Acid. 

K  X  10'. 

Alkali  required 

Phenol 

0.0013 

0.01 

Boric  acid 

0.017 

0.08 

Hydrogen  sulphide    .     .     . 

0-S7 

1. 10 

Mono-sodium  phosphate     . 

2.0 

1.00 

Carbonic  acid 

Picolinic  acid 

.         18.0 

Acetic  acid 

.       180.0 

0.03 

These  relationships  may  readily  be  compared  with  the  theory 
presented  above  by  a  slightly  different  analysis  of  the  relationships. 
The  equation 
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may  conveniently  be  written 


■  *  ■  -^Ciifi 


HAArMA  = 


/'/A 


Let  it  be  required  to  find  the  amount  of  alkali,  X,  required  to  con- 
vert a  mixture  of  acid  and  salt  of  hydrogen  ionization  2  X  io~^ 
into  a  mixture  of  hydrogen  ionization  0.5  X  lo"*- 


(MA), 

(*-^).      •■'■■° 
2  (JfA),  +  <(J6<), 
i  iJfA),  +  HUA), 

=  k. 
=  k. 

(MA), 

k 

(fA), 

* 

,=  (ifA), 

-  {MA), 

k 

k 

) 

With  the  aid  of  this  equation  the  following  table  is  omstructed : 


10- 

0 

179 

5 

lo" 

o-3»5 

10- 

114 

10-' 

0.311 

10- 

a63 

10"* 

0.385 

IO~ 

3»4 

10-' 

0.339 

10- 

0 

329 

,Q-| 

0.136 

10~ 

0 

33* 

IO-* 

0.035 

-I"" 

331 

I0~" 

0.003 

10- 

33  a 

10-" 

0.0003 

k  =  ionization  constant  of  acid. 
X  =  neutralizing  power. 
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This  tabic  may  be  graphically  presented.  In  the  accompanying 
diagram  the  continuous  line  represents  the  calculated  relationships 
of  the  table,  and  the  dotted  line  the  experimentally  determined  re- 
lationships." The  values  of  x  in  the  table  are  plotted  as  ordinates, 
and  values  of  k  are  plotted  logarithmically  as  abscissas.  It  is  evi- 
dent that  the  accord  between  theory  and  observation  is  very  good. 
This  quantitative  analysis,  theoretical  and  experimental,  of  the 
efficiency  of  neutrality  preservation  amply  justifies  the  belief  that 
in  the  organism  carbonic 
acid  and  phosphoric  acid 
can  serve  very  efficiently 
to  preserve  neutrality, 
and  it  shows  that  they 
possess  high  qualifica- 
tions for  the  carrying 
out  of  this  function. 
Needless  to  say,  the 
conditions  within  the  or- 
ganism are  more  compli- 
cated than  those  in  simple 
solution,  but  such  simple 
solutions  as  these  which  we  are  here  considering  furnish  evidence 
which  is  directly  apphcable  tn  the  true  solutions  of  the  organism. 
The  complications  involved  in  these  equilibria  by  the  complexity 
of  the  organization  of  the  animal  body  do  indeed  serve  to  modify 
conditions,  in  part  by  furnishing  reservoirs  of  supply  and  vehicles 
of  escape  for  the  components  of  the  simple  systems.  But,  as  I  hope 
later  to  show,  in  great  part  these  modifications  of  the  conditions 
of  equilibrium  in  the  body  serve  greatly  to  increase  the  efficiency 
of  carbonates  and  phosphates  in  preserving  neutrality. 

Summary. 

It  appears  that  acids  whose  ionization  constant  is  nearly  equal  to 

the  hydrogen  ionization  at  neutrality  possess,  with  the  help  of  their 

salts,  a  great  capacity  for  preserving  neutrality  in  simple  solution, 

while  other  acids  are  in  like  concentration  of  relatively  very  little 

*  For  purposes  of  comparison  these  are  brought  to  the  scale  of  the  calculated 
relationships  by  assuming  for  mono-sodium  phosphate  the  correct  value.  .  This 
assumption  is  amply  justified  by  experiments  now  being  carried  on  in  thib  labora- 
tory.    This  paper  is,  however,  concerned  only  with  relative  niagnitndes. 
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effect  in  this  matter.  Other  things  being  equal,  the  greatest  possible 
efficiency  in  preserving  neutraHty,  on  both  sides  of  the  neutral  point, 
is  possessed  by  that  acid  whose  ionization  constant  is  precisely  equal 
to  the  hydrogen  ionization  of  water  divided  by  the  degree  of  ion- 
ization of  the  salt.  Clearly,  then,  the  ionization  constant  of  car- 
bonic acid,  3  X  10"^,  and  of  the  ion  H2P04,  2  X  10"^,  gives  them 
nearly  the  greatest  possible  efficiency  for  preserving  neutrality  in 
simple  solution. 
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THE  REACTION  OF  BLINDED  LOBSTERS  TO  LIGHT. 

By  PHILIP   B.    HADLEY. 

[/^mm  the  Bieiogiral  Laboratory  of  Brown  Unroiriity  and  the  Witkford  Experiment  Station 

of  the  Rhode  Island  Commission  a/ Inland  Fisheries.] 

I.  Introduction. 

TN  an  earlier  paper  ^  the  writer  has  considered  at  length  some 
■^  points  in  the  behavior  of  the  American  lobster  in  the  larval  and 
early  adolescent  stages.^  The  investigations  here  reported  were 
incidental  to  a  more  extensive  study  of  the  reactions  to  light  of 
normal  lobsters.  They  are  not  assumed  to  be  complete  or  conclu- 
sive, and  it  is  merely  the  aim  of  the  present  paper  to  present  briefly 
some  characteristics  of  the  behavior  of  the  larval  and  early  adoles- 
cent lobsters  when  one  or  both  eyes  have  been  blinded.  The  ex- 
periments were  conducted  at  the  Wickford  Experiment  Station  of 
the  Rhode  Island  Fish  Commission,  where,  through  the  kindness 
of  the  director,  Dr.  A.  D.  Mead,  facilities  for  work  were  placed 
at  the  disposal  of  the  writer,  and  where  it  was  made  possible  to 
secure  large  numbers  of  young  lobsters  in  all  of  the  early  and  some 
of  the  later  stages. 

The  investigations  of  the  writer  upon  the  behavior  of  the  larvae 
and  early  adolescent  lobsters  have  led  him  to  believe  that  their 
reactions  to  light  are  determined  by  two  conditions  of  illumination: 

I  Hadlev:   Report  of  the   Rhode   Island  Commission   of   Inland    Fisheries 

'  Briefly  stated,  these  results,  so  far  as  they  deal  with  reaction  to  light,  showed 
that  lobster  larvae  in  the  first  three  stages  reacted  to  light  by  placing  the  longi- 
tudinal axis  of  the  body  parallel  to  the  direction  of  the  light  raya,  with  the  head 
directed  away  from  their  source;  and  then  by  swimming,  by  means  of  the  exopo- 
dites  of  the  thoracic  appendages,  either  toward  or  from  that  source.  Any  change 
in  the  direction  of  the  light  rays,  striking  the  eyes  of  the  larvas,  determined  a  new 
direction  of  swimming ;  and  any  change  in  the  intensity  of  light  might  determine 
a  change  in  the  index  of  the  reaction.  Thus  an  intensity  of  light,  which  brought 
about  a  negative  reaction,  might,  if  increased,  produce  a  positive  response. 
■So 
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first,  the  purely  directive  influence,  so  called,  which,  by  conditioning 
different  degrees  of  illumination  on  each  eye,  may  cause  a  definite 
body  orientation ;  secondly,  a  tendency  to  select,  in  varying  intensi- 
ties of  light  striking  both  eyes  equally,  areas  of  optimal  illumination, 
and  to  r«nain  therein.  Experiments  to  date  do  not  lead  the  writer 
to  believe  that  the  reactions  of  the  larvae  to  the  intensity  of  light 
(photopathy)  are  produced,  by  means  of  many  slight  responses  to 
the  directive  influence  of  the  light,  as  was  assumed  by  Yerkes  *  to 
be  the  case  for  Daphnia  pulex.  In  consequence  of  this  view  the 
following  experiments  will  be  found  to  deal  with  three  features  of 
behavior:  (i)  the  phototactic  reaction,  (2)  the photopathic  reaction, 
and  (3)  the  method  of  reaction  or  the  mechanics  of  orientation ;  and 
each  of  these  points  will  be  discussed  in  relation  to  three  groups 
of  larvae:  (1)  Normal  larvae,  (2)  those  with  one  eye  blinded,  and 
(3)  those  with  both  eyes  blinded. 

TeduiqiM.  —  The  experiments,  which  were  conducted  with  lob- 
sters of  the  first  five  stages,  were  performed  chiefly  by  daylight,  in 
a  room  receiving  light  from  the  north  and  south,  but  so  screened 
by  dark  curtains  that  the  direction  of  the  light  rays  could  be 
accurately  regulated.  The  larvae,  one  or  both  of  whose  eyes  had 
been  excised  by  small  scissors  or  blinded  by  a  hot  needle,  were 
placed,  as  the  experiments  required,  in  one  of  two  receptacles,  —  CMie 
a  rectangular  glass  ccHnpartment  6X3X2  inches;  the  other  a 
wooden  box  12  X  6  X  3  inches,  fitted  with  a  glass  bottom  and  a 
light-tight  cover  and  painted  black  on  the  inside.  During  the  ex- 
periments this- box  was  set  over  a  so-called  light-shaft,  which  was 
built  up  fr<xn  the  laboratory  table  in  such  a  way  that  parallel  rays 
of  light  fr<Mn  a  mirror,  set  at  the  base  of  the  shaft,  could  be  re- 
flected up  to  the  glass  bottom  of  the  box,  which  was  placed  18  inches 
above  the  table,  over  the  top  of  the  shaft.  By  this  contrivance  all 
except  nearly  parallel  rays  of  light  were  excluded,  and  these  alone 
could  influence  the  behavior  of  the  larvae  swimming  in  the  salt 
water,  which  was  seldom  more  than  12  mm.  deep. 

The  quality  of  light  entering  the  bottom  of  the  box  was  further 
modified  by  plates  of  red,  orange,  green,  blue,  or  white  glass,  which 
were  laid  in  linear  series  over  the  top  of  the  light-shaft,  and  at  the 
same  time  directly  under  the  glass  bottom  of  the  box.    These  plates 

*  Reactions  of  Daphnia  pulex  to  light  and  heat,  Mark  Anniversary  volume, 
"903.  PP-  359-377- 
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of  colored  glass  served  to  determine  the  intensity  of  light  which 
was  brought  to  bear  on  the  larval  lobsters,  as  they  swam  through 
different  regions  of  the  box.    In  other  instances  the  light  at  oppo- 
site ends  of  the  glass-bottomed  box  was  regulated  by  graded  wedge- 
shaped   screens  of  gelatine  which   had  been  darkened  with   india 
ink.     The  resuUing  reactions  of  the  larvae  were  so  similar  and  con- 
stant under  both  these  conditions  of  illumination  that  any  tendency 
on  the  part  of  the  larvae  to  gather  at  any  particular  part  of  the  box 
was  assumed   to  represent 
a  reaction  to  the  degree  of 
light  intensity  in  that  area. 
Since  blackening  the  eyes 
of   the   larvK   seemed    im- 
practicable,   the   operation 
of  blinding  the  young  lob- 
sters was  perfonned  by  one 
of  two  methods, — either  by 
searing  the  surface  of  the 
eye  with  a  hot  needle,  or 
by  excising  the  whole  eye 
Figure   1.  —  Third-stage  larval   lobaier,   showing     by     cutting     the    eye    stalk 
the  position  of  the  eyes  and  o£  ihe  ihomcic      ^yj^j^   ^         j^   ^f   gmall    Scis- 
exopodites  as  they  appear  at  ihe  end  of  the  ^        r  i      < 

downward  st™ke;  also  the  ai«lominal  swim-  ^ors.  The  former  method 
merets,  which  will  become  functional  in  the  gave.  a.S  a  rule,  better  re- 
fourth  stage,  suits;  for,  while  "excis- 
ing "  ap|>eared  to  weaken  the  young  lobsters,  the  "  searing  ' '  seemed 
to  disturb  in  no  great  measure  their  activity.  In  some  groups  of 
larvfe  the  left  eye  only  was  blinded,  in  other  cases  the  right  eye. 
and  in  still  other  cases  both  eyes.  Such  groups  —  or.  in  some  in- 
stances, individual  larvae  —  were  subsequently  put  in  the  rectangu- 
lar glass  container,  which  was  placed  in  a  large  box  blackened  on 
the  inside.  This  box  was  also  fitted  with  windows  of  various  sizes. 
and  rested  on  the  laboratory  table  in  such  a  way  that  light  was 
admitted  to  the  glass  container  by  means  of  such  windows  only. 
With  this  arrangement  the  aim  was  to  ascertain  either  the  index 
of  reaction  of  groups  of  larvae  to  the  directive  influence  of  the 
light,  or  to  .study  the  characteristic  behavior  of  single  blinded  larvre 
when  subjected  to  similar  light  influences. 
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II.  Reaction  of  Normal  Lobsters, 

About  one  hundred  first-stage  larvse,  from  forty-eight  to  fifty- 
four  hours  old,  were  transferred  from  one  of  the  large  hatching- 
bags  to  a  crystallization  dish.  When  this  was  set  within  the  dark 
box  and  submitted  to  light  coming  from  one  direction  through  the 
side  window,  every  larva  oriented  with  the  head  away  from  the 
light  and  swam  backward  toward  the  window  side  of  the  dish 
(Fig.  2). 

When  twenty  of  these  larvse  were  transferred  to  the  glass- 
bottomed  box,  which  was  mounted  over  the  light-shaft  and  over- 
lying the  colored  glass  plates,  the  reaction  showed  that  the  majority 
of  larvae  grouped  themselves  in  the  most  brightly  illuminated  area, 
as  represented  below : 
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Between  each  trial  the  position  of  the  box  was  reversed.  In  the 
next  instance  the  order  of  the  glass  plates  was  changed,  and  the 
results,  which  were  as  follows,  show  that  the  majority  of  larva: 
still  oriented  in  the  brightest  area  of  the  box : 
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In  the  preceding  lists  it  was  observed  that  many  of  the  larv* 
which  gathered  over  the  white  glass  became  oriented  with  the  back 
downward,  a  position  never  favorable  to  progressive  orientation. 
Since  it  was  believed  that  this  factor  might  be  to  some  extent  re- 
sponsible for  the  gathering  in  the  areas  of  the  greatest  illumination, 
in  the  next  case  the  glass-bottomed  box  was  set  over  a  black  back- 
gToimd,  the  colored  glass  plates  ranged  in  linear  series  over  the 
top  of  the  box,  and  the  light  admitted  from  above.  The  position 
of  the  glass  plates  was  frequently  changed,  and  the  records  of  sev- 
eral tests,  which  were  made  at  five-minute  intervals,  and  which  show 
that  the  larvse  still  persisted  in  gathering  in  areas  of  greatest  illumi- 
nation, are  as  follows: 
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Experiments  similar  to  the  foregoing  were  conducted  with  fourth- 
stage  and  fifth-stage  lobsters.  Since  the  exopodites  or  thoradc  ^>- 
pendages,  by  means  of  which  the  larval  lobsters  of  the  first  three 
stages  swim,  are  lost  in  the  moult  from  the  third  to  the  fourth 
stage,  some  change  in  the  type  of  reaction  in  the  fourth  and  later 
stages  might  be  expected.  The  differences  which  were  found  to 
exist  are  not  of  great  importance  to  present  considerations,  but  may 
be  briefly  outlmed  as  follows :  The  normal  fourth-stage  lobsters, 
which  for  the  greater  part  of  the  stage  swim  freely  by  means  of  the 
abdominal    swimmerets,    manifest    througliout   the    stage-period    a 
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negative  phototactic  reaction,  which  is  accentuated  towards  the  close 
of  the  stage.  The  photopathic  reaction,  which  at  the  banning  is 
usually  positive,  gradually  changes  by  the  close  of  the  stage-period 
to  negative  in  the  majority  of  fourth-stage  lobsters.  Generally 
speaking,  the  reactions  of  the  fifth-stage  lobsters  are  typical  of  the 
adult  form,  and  are  chiefly  characterized  by  the  light-shunning 
instinct.  The  phototactic  and  photopathic  reactions  are  negative 
from  the  beginning  of  this  stage  to  the  end  of  it.  As  in  the  earlier 
stages,  so  in  the  lourth  and  fifth,  the  eyes  play  a  most  important 
role  in  determining  the  nature  of  the  reaction  to  light,  although 
the  invariable  tendency  to  "head"  away  from  the  light  is  never 
again,  in  the  later  life  of  the  lobster,  so  strongly  manifested  as  dur- 
ing the  first  three  larval  stages. 

The  results  of  the  foregoing  experiments  show,  first,  that  the 
normal  first-stage  larvae  react  to  the  directive  influence  of  the  light 
rays  by  placing  the  longitudinal  axis  of  the  body,  parallel  to  them, 
with  the  head  away  from  the  source  of  light,  and  by  swimming 
toward  that  source.  Lobsters  in  the  later  larval  stages  may  at  times, 
however,  gather  in  the  darker  areas.  Fourth-stage  and  fifth-stage 
lobsters  do  not  manifest  so  strongly  the  tendency  to  place  the  axis 
of  the  body  parallel  to  the  direction  of  the  incident  light  rays,  al- 
though they  do  undergo  definite  prc^ressive  orientations. 

III.  Reactions  of  Lobsters  with  One  Eye  Blinded. 

From  the  group  of  first-stage  larvse  which,  as  has  been  shown 
above,  were  reacting  positively  to  light,  ten  were  selected  and 
blinded,  by  means  of  a  hot  needle,  in  the  left  eye.  Subsequently, 
these  ten  larvie  were  put  in  the  glass  container,  and  this  placed  in 
the  dark  box.  When  the  light  was  admitted  through  a  small  win- 
dow to  the  side  of  the  glass  container,  the  larvas  underwent  both 
a  body-orientation  and  a  progressive  orientation.  Both  these  ori- 
entations, however,  usually  occurred  only  when  the  intensity  of 
light  was  not  great,  and  both  differed  in  their  nature  from  the 
reaction  of  normal  larvse  under  similar  conditions.  The  body- 
orientation  was  not  characterized  by  placing  the  longitudinal  axis 
of  the  body  exactly  parallel,  but  slightly  oblique,  to  the  direction 
of  the  light  rays,  as  shown  in  Fig.  3 ;  the  progressive  orientation 
took  place  as  in  normal  larvae,  except  that  the  reaction  was  less 
definite.     The  latter  may  be  outlined  as  follows : 
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Next,  these  same  larvae  were  transferred  to  the  glass-bottomed 
box  mounted  on  the  colored  glass  plates  over  the  light-shaft. 
Records  of  the  position  of  the  larvae  were  made  at  five-minute 
intervals,  between  which  the  box  was  reversed,  and  resulted  as 
follows : 
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Similar  experiments  to  ascertain  the  effect  of  blinding  one  ^e 
upon  the  definiteness  of  reaction  of  fourth-stage  and  fifth-stage 
lobsters  gave  much  the  same  results  as  in  the  case  of  the  larvae. 
The  index  of  response  was  the  same  as  that  of  normal  lobsters 
frcwn  the  same  group,  but  the  small  number  which  at  any  one  time 
would  give  a  definite  reaction,  either  positive  or  negative,  showed 
that  blinding  had  seriously  disturbed  the  functions  of  some  organs 
through  which  orientation  to  light  is  brought  about. 

These  general  results  depend  upon  a  large  number  of  experi- 
ments on  lobsters  in  all  stages  of  development.  Only  a  sufficient 
number  of  instances  can  be  here  reported  to  give  a  general  idea 
of  the  reactions. 
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The  methods  of  reaction.  —  There  remains  to  be  mentioned  the 
method  of  body-orientation  in  larvae  having  one  eye  blinded.  The 
writer  has  already  called  attention  *  to  the  fact  that,  in  the  case  of 
normal  larvas,  the  behavior  from  one  minute  to  another  is  made 
up  of  a  large  number  of  strange  movements,  —  rotations,  revolu- 
tions, swingings,  turnings;  furthermore,  that  these  peculiar  gym- 
nastics are  dependent  upon  the  relative  intensity  of  the  light  strik- 
ing the  eyes  of  the  larvae :  light  from  one  side  determines  a  quick 
turning  in  the  opposite  direction;    light  from  above  precipitates 


the  larva  head  first,  or  at  least  causes  the  assumption  of  a  new 
swimming-position  with  the  head  downward;  while  light  from 
below  causes  the  larva  to  assume  a  body-position  with  the  head 
directed  slightly  upward. 

In  the  case  of  larvas  with  the  left  eye  blinded  the  results  were 
found  to  be  quite  dififerent.  The  swingings  and  rotations  were 
invariably  in  a  definite  direction.  Very  frequently  the  most  com- 
mon reaction  directly  following  the  removal  or  blinding  of  the  left 
eye  was  a  long  series  of  rotations  on  the  longitudinal  axis  of  the 
body.  These  rotations  occurred  with  great  rapidity,  often  at  the 
rate  of  150  per  minute,  and  took  place,  moreover,  in  a  determined 
direction,  as  shown  in  Figs.  5  and  6.  Usually  these  rapid  rotations 
soon  subsided,  although  they  might  for  an  hour  or  more  re-occur  at 
intervals.  When  the  larvae  attempted  forward  swimming,  the  line 
of  progress  invariably  became  an  arc  curving  toward  the  side  of 

*  Hadlev  :  Annual  report  of  the  Rhode  Island  Commission  of  Inland  Fisheries 
for  1 906. 


Digitized  by  Google 


1 88  Philip  B.  HadUy. 

the  injuretl  eye,  as  shown  in  Figs.  5  and  6,  and  ofteii  the  larvEe 
swam  for  several  moments  in  small  circles,  about  3  c.c.  in  diameter. 

If  the  right  eyes  of  the  larvs  were  blinded,  the  resulting  reaction 
was  reversed.  The  body  rotations  were  now  in  the  direction  in- 
dicated in  Fig.  6.  while  in  the  case  of  straightforward  swimming 
the  prc^ression  took  place  in  the  direction  of  an  arc  curving  as 
shown  in  Fig,  6. 

It  is  not  difficult  to  find  the  reason  for  these  types  of  reaction  in 
larvae  with  blinded  eyes.     Any  rotation  of  the  larvse  on  the  longitu- 


dinal axis  of  the  body  is  caused  by  unequal  forces  exerted  by  the 
thoracic  exopodites  on  opposite  sides  of  the  body.  In  instances  where 
rapid  and  continued  "rotations  occurred,  the  vibration  of  the  ex- 
opodites on  the  side'of  the  blinded  eye  was  reduced  to  a  minimum, 
while  in  some  cases  the  stroke  of  the  exopodites  on  the  side  of  the 
injured  eye  appeared  to  be  correspondingly  accelerated.  Under 
natural  conditions  of  eye  stimulation  the  forces  exerted  by  the 
exopodites  on  opposite  sides  of  the  body  exactly  counterbalanced 
one  another.  But  when,  for  any  reason,  one  set  beat  more  rapidly 
than  the  other,  there  resulted  either  a  single  rotation,  or  a  series 
of  rotations  on  the  long  body  axis,  or  a  swing  of  the  long  axis 
toward  the  right  or  toward  the  left,  according  as  the  greater  in- 
tensity of  light  was  brought  to  bear  on  the  right  or  the  left  eye  of 
the  larva. 

In  this  connection  one  other  point  regarding  the  direction  of  light 
striking  the  injured  eye  and  the  localization  of  the  stimulus  is  of 
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interest.  If  the  light  was  introduced  to  a  normal  larva  from  direc- 
tion designated  i  (Fig.  7),  the  head  of  the  larva  would  swing 
toward  the  right;  while,  if  the  light  was  introduced  in  the  direc- 
tion 6,  the  head  of  the  larva  would  swing  toward  the  left.  The 
reason  for  this  is  that  the  greater  intensity  of  light  on  one  eye 
causes  a  stronger  action  of  the  exopodites  on  that  side,  with  a  con- 
sequent interruption  of  the  equilibrium,  and  the  larva  swings  toward 
the  opposite  side,  Or,  under  certain  conditions,  undergoes  a  rotation 
on  the  longitudinal  body  axis.  In  other  words,  the  direction  of 
turning  of  the  larva  is  invariably  determined ,  by  the  direction  frcmi 
which  the  light  comes,  and  the  consequent  inequality  of  illumination 
of  the  two  eyes.  It  is,  therefore,  easy  to  understand  why,  in  the 
case  of  the  normal  larvae,  the  turn  is  always  in  the  direction  of  the 
shortest  path  by  which  the  head  may  come  to  face  directly  away 
from  the  source  of  light. 

Here,  again,  is  a  great  difference  when  Ve  attempt  to  contrast 
with  the  above-mentioned  type  of  reaction  that  of  larvae  with  a 
blinded  eye.  When  the  left  eye  was  blinded  and  the  light  was 
allowed  to  strike  the  uninjured  right  eye,  the  reaction  was  the  same, 
from  whatever  direction  the  light  might  come.  If,  for  instance, 
the  larva  was  represented  as  in  Fig.  8,  and  the  light  entered  from 
the  direction  designated  by  arrows  o,  h,  c,  d,  e,  upon  the  right  un- 
injured eye,  the  direction  of  movement  was  toward  the  left  in 
every  case ;  or  if  rotations  on  the  longitudiAal  axis  took  place,  these 
were  invariably  in  the  direction  represented  by  the  arrow  passing 
around  the  body  of  the  larva,  as  in  Fig.  8. 

If,  on  the  other  hand,  the  right  eye  was  blinded  and  the  rays  of 
light  came  from  the  direction  represented  by  the  arrows  in  Fig.  g, 
then  the  turning  of  the  larva  was  toward  the  right;  or  if  rotations 
on  the  longitudinal  axis  occurred,  these  rotations  were  in  the  direc- 
■  tion  indicated  by  the  arrow  passing  around  the  body  of  the  larva, 
as  in  Fig.  9. 

It  thus  becomes  clear  that  the  mechanics  of  orientation  in  the 
case  of  larvK  with  one  injured  eye  does  not  involve  .a  swinging 
which  brings  the  body  by  the  shortest  path  to  lie  parallel  to  the  ' 
direction  of  the  light  rays,  as  is  the  case  for  larvae  with  normal 
eyes.  The  typical  reaction  is  a  swinging  in  a  single  direction ;  yet 
this  direction  may  not  be,  at  first,  away  from  the  source  of  light, 
but  even  more  fully  toward  it  than  before.  This  point  is  repre- 
sented more  clearly  by  Figs.  7,  8,  and  g.    Let  Fig.  7  represent  a 
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larva  with  both  eyes  normal,  Fig.  8  one  with  the  left  eye  blinded, 
and  Fig,  9  one  with  the  right  eye  blinded.  When,  now,  the  light 
comitig  in  the  direction  of  the  arrow  i,  Fig.  7,  struck  the  ^es  of 
the  larva,  the  reaction  was  an  immediate  swing  toward  the  right, 
so  that  the  long  axis  {x  —  y)  of  the  larva  came  to  lie  parallel  to  the 
direction  of  the  incident  light  rays,  and  the  head  pointed  as  repre- 
sented by  arrow  i.  If,  again,  the  rays  impinged  in  direction  of 
arrow  4,  then  the  swing  was  toward  the  left  and  the  longitudinal 
axis  of  the  body  assumed  the  direction  of  the  incident  rays,  and  with 
the  head  pointing  as  shown  by  arrow  4.  The  same  method  of 
reaction  obtained  in  the  orientation  to  light  coming  from  the  direc- 
tions indicated  by  the  arrows  2,  3,  5,  6.  In  all  these  instances  the 
swing  of  the  larva  was  by  the  shortest  path  that  would  bring  the 
head  to  face  away  from  the  source  of  light,  and  the  longitudinal 
axis  of  the  body  to  lie  parallel  to  the  direction  of  the  incident  rays. 

In  Fig.  8  the  conditions  represented  were  different.  When  the 
light  rays  came  from  the  direction  indicated  by  the  arrow  a,  the 
directicm  of  swinging  of  the  body-axis  was  invariably  the  same; 
the  larva  would  swing  to  the  left  and  through  the  supplement  of 
the  angle,  through  which  it  naturally  would  swing  if  both  eyes 
were  normal  and  the  light  came  from  the  same  direction.  This 
method  of  orientation  invariably  took  place,  notwithstanding  that 
in  this  swing  the  head  of  the  larva  must  face  directly,  though 
momentarily,  the  sourctf  of  light,  —  a  condition  of  affairs  quite 
unknown  in  the  behavior  of  normal  lobster  larvtc.  Here  there  are 
no  conditions  known  that  can  cause  a  larva  to  face  the  source  of 
light,  even  for  an  instant.  Every  movement  serves  to  one  end,  — 
to  bring  the  head  away  from  the  source  of  illumination.  Yet,  under 
the  CMiditions  represented  in  Fig.  8,  if  the  light  came  from  any 
of  the  directions  indicated  by  arrows  c,  d,  ^,  the  resultant  reaction 
was  the  same  as  that  in  the  case  of  larvae  with  both  eyes  normal. 

In  the  conditions  indicated  by  Fig.  9  the  principle  of  the  reaction 
was  the  same,  but  the  results  were  reversed.  In  this  case  the  right 
eye  was  blinded.  If  now  the  incident  light  rays  took  the  direction 
represented  by  arrow  a' ,  the  larva  would  swing,  not  toward  the  left 
(as  in  the  instance  of  normal  larvie.  Fig.  7),  but  toward  the  ri^t. 
In  other  words,  the  longitudinal  axis  of  the  larva  would  pass 
through  the  supplement  of  that  angle  through  which  it  would 
naturally  swing  if  both  eyes  were  normal  and  the  light  came  from 
the  same  direction.     In  case,  however,  the  light  came  from  the 
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direction  designated  by  the  arrows  c\  d',  e' ,  then  the  reaction  is  the 
same  as  that  of  larvae  with  both  eyes  normal.  In  other  words, 
when  in  both  the  last  cases  (illustrated  by  Figs.  8  and  9)  the  light 
struck  the  larvae  from  the  side  of  the  normal  Q-e  (Fig.  8  c,  d,  e; 
Fig.  9  c',  d',  e'),  then  the  resulting  reaction  was  similar  to  that 
,  which  occurred  in  larvae  with  uninjured  eyes:  the  larva  would 
swing  directly  away  from  the  light  by  the  shortest  path  that  would 
bring  the  uninjured  eye  to  face  away  from  the  source  of  light 
(Figs.  2  and  3).  Yet  in  this  instance  the  long  axis  of  the  body 
was  never  brought  exactly  parallel  to  the  direction  of  the  light  rays, 
but  at  a  slig-ht  angle  to  them,  so  that  the  uninjured  eye  received 
the  least  possible  stimulation.  But  even  this  body-orientation  was 
seldom  long  maintained,  since  the  tendency  to  manifest  circus  move- 
ments or  to  prt^ress  in  an  arc  curving  toward  the  side  of  the  in- 
jured eye  was  ever  present,  regardless  of  the  direction  of  the  light 
rays.  It  is  presumable  that,  for  this  reason,  when  iarv<e  with  one 
eye  blinded  were  placed  under  the  influence  of  light  from  different 
directions,  they  might  be  observed  to  invariably  prepress  by  swing- 
ings or  by  rotations  toward  the  side  of  the  blinded  eye.  This -as- 
pect of  behavior  is  to  be  seen  in  blinded  larvse  of  all  the  early  stages, 
but  most  definitely  during  the  first-stage  period. 

Observations  on  the  behavior  of  fourth-stage  and  fifth-stagp 
lobsters  having  one  eye  blinded  gave  similar  results,  although  the 
tendency  to  assume  body-positions  with  the  head  directed  away  frtwn 
the  light  was  not  so  pr(»ninent  in  these  and  later  stages.  In  the 
fourth-stage  lobsters  with  one  eye  blinded,  the  definiteness  of  both 
photopathic  and  phototactic  response  was  lessened.  The  effect  of 
illumination  upon  the  good  eye,  moreover,  was  similar  to  that 
obtained  in  larvae  in  earlier  stages,  except  as  it  was  modified  by  the 
difference  in  the  manner  of  swimming  which  obtains  between  lob- 
sters of  the  fourth  and  earlier  stages.  The  free  swimming  of  the 
fourth-stage  lobsters  having  one  blinded  eye  was  invariably  in  an 
arc  which  curved  away  frcsn  the  side  of  the  uninjured  eye.  But 
while  in  the  first-stage  larvae  this  arc  of  turning  was  usually  one 
of  small  radius,  the  swimming-curve  of_  the  fourth-stage  lobsters 
was  one  of  much  greater  latitude ;  so  that,  for  instance,  when  such 
lobsters  were  confined  in  a  crystallization  dish  having  a  diameter 
of  150  mm.,  they  swam  in  a  circle  about  the  rim  of  the  dish  and 
always  in  the  same  direction:  if  the  right  eye  was  blinded,  clock- 
wise;   if  the  left  eye  was  blinded,  coimter-clodcwise.     Often  the 
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operation  of  blinding  acted  as  a  temporary  stimulus  to  more  en- 
ergetic swimming.  In  such  cases  the  larva  would  swim  actively 
for  3  brief  time  in  a  circle  of  large  radius.  As  fatigue  increased, 
the  radius  of  the  circle  decreased,  with  the  result  that  a  spiral-like 
course  of  progression  was  generally  produced.  The  amplitude  of 
the  spiral  gradually  diminished,  and  eventually  the  lobsters  would 
come  to  rest  and  fall  to  the  bottom  of  the  dish.  It  may  here  be 
noted  that  the  rotations  on  the  longitudinal  body-axis,  char;tcter- 
istic  of  larva;  in  the  first  three  stages  blinded  in  one  eye,  never 
occurred  in  lobsters  of  the  fourth  or  later  stages.  This  is  of  course 
determined  by  the  loss  of  the  thoracic  exopodites,  by  which  in  the 
early  stages  this  rotary  motion  is  produced. 

In  the  fifth-stage  lobsters  the  tendency  to  crawl  over  the  bottom 
rather  than  to  swim  at  the  surface  modified  to  no  great  extent  the 
nature  of  the  reaction  in  individuals  having  one  eye  blinded.  Here 
also  was  manifested  the  same  tendency  to  crawl  in  a  circle  and 
always  away  from  the  side  of  the  good  eye,  and  with  the  injured 
eye  looking  toward  the  centre  of  the  circle. 

IV.  Reactions  of  Labv.e  with  both  Eyes  Blinded. 

From  the  same  large  group  of  larvse  from  which  the  blinded 
lobsters  mentioned  in  the  last  section  were  taken,  ten  others  were 
selected,  and  their  reactions  tested  in  the  rectangular  container  and 
in  the  glass-bottomed  box.     In  both  instances  a  definite  positive 
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reaction  resulted,  and  the  mechanics  of  orientation  was  found  to 
be  similar  to  that  observed  in  all  previous  cases. 

Next,  these  larvae  were  blinded,  by  means  of  the  hot  needle  in 
both  eyes.    After  the  operations  it  was  observed  that  blinding  the 
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second  ^e,  although  it  diminished  the  activity,  appeared  rather  to 
re-establish  the  equilibrium  than  to  cause  a  complete  cessation  of 
swimming  movements  in  both  the  right  and  left  sets  of  thoracic 
exopodites.  When  these  fully  blinded  larvae  were  transferred  to 
the  rectangular  compartment,  and  this  placed  in  the  dark  box,  the 
reaction  was  as  recorded  in  the  prece<ling  table. 

Subsequently  these  lan^ae  were  placed  in  the  glass-bottomed  box 
over  the  light-shaft,  and  submitted  to  the  influence  of  the  mono- 
chromatic lights.  Many  tests  were  made  at  five-minute  intervals, 
and  the  position  of  the  box  was  reversed  between  each  test.  The 
following  record  is  characteristic  of  all: 
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When  these  larvae  were  submitted  to  the  influence  of  lights  com- 
ing from  many  different  directions,  as  in  a  rocMn  illuminated  by 
several  windows,  no  particular  body  orientation  to  the  light  could 
be  observed,  and  the  mechanics  of  orientation  involved  a  turning, 
now  in  one  direction,  now  in  another.  In  other  words,  the  reactions 
determined  by  the  conditions  of  light  were  at  a  minimum.  —  as 
much  so  as  the  reactions  of  larvae  in  deep  twilight  or  darkness. 

These  records  are  typical  of  the  results  of  many  tests,  the  details 
of  which  cannot  now  be  presented.  In  sum,  they  appear  to  demon- 
strate that  the  lar\'al  lobsters  blinded  in  both  eyes  underwent  no 
definite  orientation  to  light,  but  became  scattered  homogeneously 
through  the  area  of  their  confinement.  Similar  results,  moreover, 
were  obtained  with  fourth-stage  and  fifth-stage  lobsters.  Here  also 
no  definitely  positive  or  negative  phototactic  or  photopathic  reaction 
was  observed,  but  a  homogeneous  scattering,  such  as  took  place  in 
the  case  of  the  larval  lobsters. 
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V.  Conclusions. 


Perhaps  the  most  important  issue  to  which  the  foregoing  ob- 
servations lead  involves,  primarily,  a  consideration  of  the  very 
intimate  connection  between  the  optical  stimulation  and  the  definite 
muscular  reactions,  which  in  the  larval  lobsters  invariably  follow. 
And  co-ordinate  with  this  point  is  the  question  of  the  degree  to 
which  the  method  of  "  trial  and  error  "  may  enter  into  the  behavior 
of  the  young  lobsters,  normal  or  blinded. 

In  the  light  of  the  experiments  which  have  been  recorded,  it 
appears  that  stimulatrng  with  light  one  eye  of  a  young  lobster  has 
its  effect  —  depending  upon  the  stage  of  the  larva  —  upon  three 
different  sets  of  appendages  which  serve  the  purpose  of  locomotion; 
and  that  such  stimulation  is  effective  only  on  that  side  of  the  body 
which  corresponds  with  the  uninjured  eye.  In  the  first  three  larval 
stages  the  means  of  locomotion  are  the  exopodites  of  the  thoracic 
appendages.  In  the  fourth  stage,  which  is  the  free  swimming  stage 
par  excellence  of  the  lobster's  exist«ice,  the  means  of  swimming  is 
foimd  in  the  swimmerets,  the  paired,  paddle-like  abdominal  ap- 
pendages; while  in  the  fifth-stage  lobster,  which  is  essentially  a 
crawling  animal,  the  usual  means  of  progression  is  limited  to  the 
thoracic  ambulatory  aj^endages,  —  the  legs  proper,  although  in 
this  stage  also  there  may  be  brief  and  infrequent  periods  of  swim- 
ming. In  each  of  these  cases  it  has  been  demonstrated  that  a  very 
intimate  connection  exists  between  the  eye,  on  one  hand,  and,  on 
the  other,  the  exopodites,  the  swimmerets,  and  the  legs  proper,  on 
the  same  side  of  the  body.  A  slight  change  in  the  intensity  of  light 
striking  one  eye  is  immediately  followed  by  a  succession  of  muscular 
extensions  and  contractions  which  concern  alone  that  side  of  the 
body,  and  which  determine,  through  medium  of  the  nervous  system 
and  the  appropriate  appendages,  the  immediate  assumption  of  a 
new  body-position,  which  may  be  one  of  rest  or  one  of  continued 
movement. 

Nothing  can  be  farther  removed  from  the  orienting  reaction  of 
the  larval  lobsters  to  light  than  the  method  of  "  trial  and  error." 
The  larval  lobsters  are,  to  all  practical  purposes,  mere  machines, 
upon  which  the  forces  of  light  act  through  the  medium  of  the  eyes, 
nervous  system  and  appendages,  and  produce  a  constant  and  in- 
variable result.  There  is  no  random  movement,  no  evidence  of 
"  choice."     The  turning  of  the  larval  lobster  in  a  certain  direction 
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is  dependent  upon  the  vibration  of  the  exopodites  of  the  thoracic 
appendages ;  the  vibration  of  the  exopodites  is  dependent  upon  ner- 
vous excitation;  this  excitation  is  produced  and  regulated  by  the 
stimulation  of  the  eyes  of  the  larva.  If  one  side  of  the  larva  re- 
ceives more  light  than  the  other  side,  the  eye  on  that  side  receives 
more  stimulation.  In  consequence,  the  exopodites  on  that  side  beat 
the  water  more  strongly  and  rapidly,  and  the  larva  "  comes  around  " 
like  a  skiflf  to  a  position  in  which  the  equal  stimulation  of  the  two 
eyes  determines  an  equally  strong  vibration  of  the  exopodites  on 
each  side  of  the  body,  and  consequently  the  re-establishment  of  a 
balanced  equilibrium.  In  this  instance  the  light  impinging  upon 
the  eyes  of  the  larva  regulates  the  activity  of  the  exopodites  as 
regularly  and  as  definitely  as  an  electric  current  the  movement  of  a 
magnet  bar.  That  the  movement  of  the  exopodites  causes  the  larva 
to  head  away  from  the  light  is  not  difficult  to  explain.  The  centre 
of  the  force  exerted  by  the  exopodites  is  anterior  to  the  centre  of 
equilibrium  of  the  larva.  When  one  eye  is  directed  more  nearly 
toward  the  light,  the  force  of  the  vibrating  exopodites  is  so  applied 
as  to  swing  the  anterior  end  of  the  body.  As  soon  as  this  end  has 
assumed  such  a  position  that  the  eyes  are  no  longer  stimulated,  or 
equally  so,  then  the  movements  of  the  exopodites  cease,  or  the 
vibration  of  the  right  and  left  sets  counterbalance  each  other. 

When  one  eye  is  blinded,  the  stimulus  needful  to  maintain  the 
vibratory  movements  of  the  exopodites  on  that  side  of  the  body  is 
absent,  and,  in  consequence,  the  anterior  or  head  end  of  the  larva 
is  swung  out  of  line  as  a  result  of  the  stronger  action  of  the  exopo- 
dites on  the  opposite  side,  whose  activity  is  still  sustained  by  stimu- 
lation through  medium  of  the  uninjured  eye,  until,  by  the  turning 
of  the  larva,  this  eye  comes  to  lie  in  the  shadow.  When  both  eyes 
are  injured,  the  equilibrium  has  a  tendency  to  become  re-established 
by  reascff)  of  an  equal  lessening  of  stimulus  on  each  eye.  That, 
under  these  conditions,  some  other  factor  than  stimulation  by  light 
is  operative  in  maintaining  the  vibration  of  the  exopodites  is  clear, 
for  these  swimming  movements,  although  much  diminished  in  rapid- 
ity and  force,  still  keep  the  larva  in  i  kind  of  equilibrium,  minus 
either  body-orientation  or  progressive  orientation.  This  continued 
action  of  the  swimming  appendages  may  be  attributed  to  imperfect 
blinding,  but  more  likely  to  mechanical  irritation  resulting  from 
the  operation  of  searing  the  eyes  or  of  cutting  the  eye  stalks. 

The  point  of  concise  localization  of  function  of  different  areas 
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of  the  relatively  large  compound  eyes,  as  investigated  by  Holmes,' 
was  not  undertaken  in  connection  with  the  present  work.  Holmes 
ascertained  that  if  only  the  lateral  surface  of  one  eye  of  Raoatra 
was  exposed  to  light,  the  action  of  the  flexor  muscles  on  the  same 
side,  and  of  the  extensor  muscles  on  the  opposite  side,  of  the  body 
was  increased.  The  tendency  to  produce  circus  movements  was 
checked  and  followed  by  a  turn  in  the  opposite  direction.  Holmes 
attributed  this  turn  to  the  diminished  amount  of  li^t  received  by 
the  eye  as  it  turned  away  from  the  source.  This  diminution,  he 
concluded,  acted  as  "a  stimtdus  to  a  movement  in  the  opposite 
direction,"  In  the  larval  lobsters  the  lighted  area  of  the  eyes  was 
never  mechanically  restricted,  and  it  is  not  known  what  effect  such 
limitation  of  the  surface  illuminated  would  have  had  upon  the 
behavior.  It  was  clear,  however,  that  in  the  lobster  larvae"  with 
one  eye  fully  blinded  there  was  no  such  conflict  of  impulses  as 
described  by  Holmes.*  No  other  tendency,  nor  any  influences,  save 
that  of  diminishing  the  light,  hindered  the  continuance  of  the  circus 
movements;  and  even  in  the  latter  case  there  was  no  inclination 
to  turn  in  the  opposite  direction,  but  merely  a  tendency  to  remain 
unresponsive  in  the  same  body-orientation.  Regarding  the  me- 
chanics of  this  reaction,  moreover,  the  stimulation  of  one  eye  by 
light  was  not  observed  to  cause  an  increase  in  the  action  of  the 
flexor  muscles  on  the  same  side  and  of  the  extensors  on  the  oppo- 
site side.  Such  stimulation  increased  the  action  of  both  the  flexors 
and  extensors  on  the  same  side,  whether  these  muscles  were  asso- 
ciated with  the  thoracic  exopodites,  the  abdominal  swimmerets,  or 
the  legs  proper;  moreover,  both  phases  of  muscular  action  in  the 
corresponding  appendages  of  the  opposite  side  of  the  body  were 
proportionately  diminished. 

Although  those  results  correspond,  in  a  degree,  with  those  ob- 
tained by  Holmes  '  from  experiments  with  blinded  amphipods,  cer- 
tain exceptions  are  to  be  noted.  His  general  conclusion  was  as 
follows :  "  Blackening  over  one  eye  of  the  terrestrial  amphipods 
and  in  several  positively  phototactic  species  of  insects  causes  the 
animal  to  perform  circus  movements  with  the  unblackened  eye 
looking  toward  the  centre  of  the  circle.  Blackening  over  one  eye 
in  negatively  phototactic  amphipods  causes  circus  movements  to  be 

*  Holmes  ;  Journal  of  i^urology  and  psychology,  T90;,  xiv,  p.  30S. 

*  Holmes  :  Loc.  cit. 

'  Holmes:  This  journal,  1901,  v,  p.  211, 
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performed  in  the  opposite  direction."  This  statement  of  the  case 
indicates  that  in  positive  animals  the  light  acts  as  an  inhibiting 
agent  producing  lesser  movement  on  the  side  of  the  body  upon 
which  it  acts  throu^  the  medium  of  the  unblackened  eye,  while 
in  negatively  phototactic  animals,  on  the  other  hand,  the  light  acts 
as  a  stimulating  agent  on  that  side  of  the  body  which  it  influences 
through  the  medium  of  the  unblackened  eye. 

In  the  lobster  larvae  all  the  progressive  reactions  which  took  place 
immediately  following  the  blinding  of  one  eye  were  positive.  In 
certain  cases  it  appeared  that  either  the  operation  itself  or  the  effects 
of  blinding  changed  the  index  of  reaction  from  negative  to  posi- 
tive. In  all  these  instances,  whether  the  previous  reaction  had  been 
n^ative  or  positive,  the  resulting  behavior  was  the  same :  a  series 
of  revolutions,  of  circus  movements,  or  a  progression  in  which  the 
direction  of  turning  indicated  that  the  influence  of  light  on  the 
unblackened  eye  was  to  cause  greater  activity  of  the  swimming 
a[^>endages  on  that  side  of  the  body,  while  blinding  invariably  had 
the  opposite  effect.  In  other  words,  the  reaction  of  the  blinded 
positively  reacting  lobster  larvae  corresponds  with  those  of  Holmes's 
negatively  reacting  amphipod.  Hyalella  dentata  (Smith),  but  not 
with  his  positively  reacting  amphipods. 

The  reactions  which  have  been  described  in  the  foregoing  pages 
were  characteristic  of  the  larval  lobsters,  whether  they  were,  at  the 
time  or  previously,  reacting  positively  or  negatively  to  light.  As 
the  writer  has  shown  in  other  papers,*  the  index  of  the  phototactic 
response  depends  upon  the  intensity  of  the  light  which  strikes  in 
equal  degree  the  two  eyes  of  the  larva,  and  determines  whether  the 
exopodites  shall  beat  forward  and  downward  or  backward  and  down- 
ward. This  difference  in  stroke  (especially  the  "posterior"  or 
"  negative  position  ")  is  not  manifested  to  so  great  an  extent  in  larvae 
with  one  blinded  eye,  and  it  is  perhaps  for  this  reason  that  such  larvae 
manifest  so  slightly  the  definitely  negative  progressive  orientation. 
The  writer  hopes  at  a  later  date  to  study  more  fully  the  method 
employed  by  blinded  larvae  in  their  continuous  progression  toward 
the  light  or  away  from  it.  It  has  been  the  aim  of  the  present  paper 
merely  to  give  the  general  results  of  such  reactions,  and  to  describe, 
more  in  detail,  the  immediate  changes  induced  by  light  upon  the 
body-orientation  with  respect  to  the  direction  of  the  light  rays. 

'  Hadley  :  Loc.  cit.  \  abo.  This  journal,  1906,  ivii,  p.  326. 
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VI.  Summary. 

1.  BMctiou  of  normal  larvw —  {a)  The  normal  first-Stage  larvx. 
within  forty-eight  to  sixty  hours  after  hatching,  react  to  the  direc- 
tive influence  of  the  light  rays  by  placing  the  longitudinal  axis  of 
the  body  parallel  to  the  incident  rays,  and  then,  with  the  head 
directed  away,  approachii^  their  source.  After  the  second  day 
negative  reactions  may  be  manifested. 

(&)  If  submitted  to  the  influence  of  non-directive  light,  the 
larvie  usually  congregate  in  the  areas  of  brightest  illumination. 
These  reactions  are  definite  and  strongly  manifested. 

(c)  The  mechanics  of  orientation  involves  direct  motor  reflexes, 
due  to  j:he  unequal  stimulation  of  the  two  eyes,  and  accomplished 
through  medium  of  the  nervous  system  and  thoracic  exopodites, 
whose  action  causes  the  larvae  to  place  their  longitudinal  axes  par- 
allel to  the  direction  of  the  light  rays.  In  the  fourth  stage  the 
swimming  is  accomplished  by  the  abdominal  swimmerets,  while  the 
fifth-stage  lobster  crawls  with  the  true  legs. 

2.  BeacUon  ot  larvw  blinded  in  on«  eye. —  (o)  The  larvje  of  any 
of  the  first  three  stages,  when  one  eye  is  blinded,  react  to  the  direc- 
tive influence  of  the  light  and  to  differences  in  intensity  like  normal 
larvje,  except  that  the  reactions  are  much  less  definite,  and  are 
seldom  n^ative  except  in  fourth  and  later-stage  lobsters. 

(fr)  The  immediate  results  following  the  destruction  of  photo- 
reception  in  one  eye  are ;  ( i )  The  production  of  rapid  rotations 
(often  at  the  rate  of  150  per  minute)  on  the  longitudinal  axis  of 
the  body,  which  are  invariably  in  a  determined  direction, — that 
shown  in  Figs.  5  and  6;  (2)  A  type  of  progression  in  which  the 
larva  continually  performs  "  circus  movements,"  or  turns  toward 
the  side  of  the  injured  eye. 

(c)  The  mechanics  of  orientation  in  such  cases  involves  direct 
motor  reflexes  dependent  upon  the  over-stimulation  of  c«ie  set  of 
thoracic  exopodites  through  the  medium  of  the  uninjured  eye.  and 
the  lack  of  stimulation  of  the  opposite  set  of  exopodites  as  a  result 
of  destroying  the  photo-receptors  in  the  blinded  eye. 

3.  Beactlon  o(  larvn  blinded  in  both  eyes. —  When  both  eyes  of  the 
larvae  are  blinded,  there  is  no  reaction,  either  to  the  directive  influ- 
ence, or  to  differences  in  the  intensity,  of  light.  In  such  cases  the 
progressive  swimming  is  weak,  but  more  balanced  than  in  larva 
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with  one  blinded  eye,  since  the  photo-receptivity  in  both  eyes  is  the 
same. 

4.  The  reactions  of  blinded  fourth-stage  and  fifth-stage  lobsters 
ojrrespond  to  those  of  the  larval  lobsters,  except  as  the  former  are 
modified  by  the  swimming  and  crawling  methods  of  progression 
respectively  characteristic  of  lobsters  in  the  fourth  and  fifth  stages. 

5.  The  direction,  per  se,  of  the  light  rays  (unless  it  be  because  of 
a  certain  course  through  the  body)  has  no  influence  in  bringing 
about  a  reaction:  If  approximately  the  same  area  of  the  right  eye  is 
stimulated  by  light  coming  from  any  direction,  the  resulting  reac- 
tion is  the  same. 

6.  The  evidence  gained  from  observation  on  the  behavior  of 
blinded  and  of  normal  lobsters  demonstrates  that  many  of  the 
cCMnplexities  of  behavior  (especially  in  the  body-orientations)  in 
the  larval  and  early  adolescent  lobsters  can  be  reduced  to,  and  ex- 
plained on  the  basis  of.  simple  motor  reflexes,  which  show  no  trace 
of  random  movement  or  of  "  choice  "  and  have  nothing  in  com- 
mon with  the  method  of  "  trial  and  error.". 
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THE  RELATION  OF  IONS  TO  CONTRACTILE  PRO- 
CESSES.—II.  THE  ROLE  OF  CALCIUM  SALTS  IN 
THE  MECHANICAL  INHIBITION  OF  THE  CTENO- 
PHORE  SWIMMING-PLATE. 

Bv  R.  S.  LILLIE. 

[^mi  tkt  Marine  Biolegital  Laboratsry,    Woods  HtU,  and  the  La6»ralBry  ej 
PkyiiBlBgical  Zoelogy,   UnivtriUy  of  PfnniylvoHia.'] 

TN  a  former  paper  ^  I  referred  briefly  to  a  special  and  somewhat 
*■  unusual  peculiarity  of  the  Ctenophore  swimming-plate,  namely, 
its  susceptibility  to  inhibition  through  slight  mechanical  stimuli  in 
sea  water  and  certain  artificial  media  containing  calcium :  "  Slight 
stimulation  of  a  row  of  beating  plates,  a  detached  portion  of  a  row, 
or  even  an  active  individual  plate,  with  the  extremity  of  a  glass  rod, 
is  typically  followed  by  immediate  and  complete  cessation  of  move- 
ment. After  an  interval  activity  is  resumed."  This  arrest  of  activity 
is  extremely  characteristic  of  normally  beating  plates,  and  as  a  rule 
instantly  follows  jarring  or  shaking  the  vessel  containing  the  ani- 
mals or  portions  of  the- rows  of  plates.  It  is  independent  (though 
always  an  accompaniment)  of  another  effect  which  —  especially  in 
the  more  muscular  forms,  as  Beroe  —  also  results  from  mechanical 
stimulation  of  the  rows,  namely,  a  withdrawal  of  the  latter  below 
the  general  surface  of  the  animal  through  a  contraction  of  radially 
disposed  muscle  fibres.  In  Beroe  this  contraction  is  so  vigorous  and 
persistent  as  to  render  this  animal  quite  unsuitable  for  the  following 
kind  of  experimentation ;  but  in  Eucharis  and  Mnemiopsis  — forms 
with  relatively  weak  musculature  —  the  retraction  is  slight  and  tem- 
porary; strips  containing  plates  cut  from  either  of  these  animals 
relax  almost  immediately,  and  the  plates  remain  freely  exposed  to 
the  sea  water  as  normally.  After  a  more  or  less  prolonged  period 
of  quiescence,  due  to  the  operation  and  lasting  from  a  few  seconds 
to  a  minute  or  more,  the  strips  resume  activity,  the  waves  of  move- 

'  R.   Lillie:  This  journal,  1906,  xvi,  p.  117.     My  obligalions  are  due  to  the 
Carnegie  Inatitution  for  aid  in  a  portion  of  the  present  research. 
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ment  running  intermittently  along  the  rows  from  aboral  to  oral  in 
the  typical  manner.  If  such  a  beating  row  of  plates  is  jarred  or 
shaken  or  touched  with  a  glass  rod,  the  movement  instantly  ceases ; 
after  a  variable  interval,  usually  not  lasting  for  more  than  a  few 
seconds,  the  plates,  if  undisturbed,  resume  beating.  The  arrest  of 
movement  may  be  localized  by  gently  touching  the  plates  at  the  oral 
end  of  a  row ;  these  then  cease  beating,  while  those  more  aborally 
situated  may  remain  active.  If  the  more  aboral  plates  are  thus 
inhibited,  the  whole  row  usually  becomes  quiet.  In  these  forms  the 
impulse  causing  successive  members  of  the  row  to  beat  always 
travels  from  aboral  to  oral,  even  in  detached  portions  of  the  animal ; 
and  the  centrally  and  orally  situated  plates  of  a  detached  strip  seem 
usually  to  depend  for  their  stimulation  on  impulses  initiated  in  the 
active  plates  at  the  aboral  extremity  and  thence  transmitted  along 
the  row.  These  plates  thus  determine  the  rhythm  of  the  entire  row. 
Each  plate  is,  however,  capable  of  independent  movement,  although, 
as  a  rule,  the  "  metachronous  "  characteristic,  i.  e..  the  wavelike  suc- 
cessiveness of  the  movement,  is  apparent,  indicating  an  interde- 
pendence of  the  above  kind. 

The  susceptibility  to  this  form  of  mechanical  inhibition  shows  a 
certain  variability  with  the  condition  of  the  tissue.  In  specimens  of 
Eucharis  or  Mnemiopsis  —  or  in  portions  of  swimming  rows  from 
these  animals  —  kept  in  dishes  ftx  one  or  two  days  the  movement 
undergoes  by  degrees  an  alteration  in  character,  becoming  more  con- 
tinuous and  un intermittent  as  well  as  more  rapid  in  rhythm;  this 
change  is  accompanied  by  a  decreasing  susceptibility  to  mechanical 
inhibition,  and  the  arrest  of  movement  may  finally  be  only  mtwnen- 
tary,  even  with  a  stronger  stimulus  than  before.  This  alteration  in 
response  seems  to  be  in  some  way  dependent  on  the  progress  of  con- 
ditions favoring  coagulative  changes  in  the  contractile  substance, 
since  it  is  especially  evident  in  plates  whose  substance  is  beginning 
to  lose  its  normal  clear  transparency;  this  change  is  shortly  after- 
wards succeeded  by  the  definite  whitening  or  coagulation  that  always 
in  these  animals  precedes  the  death  and  disintegration  of  the  plates. 

It  is  only  when  conditions  are  normal  or  approaching  the  normal 
that  mechanical  stimulation  inhibits  contractile  activity.  It  is  not 
difficult  experimentally  to  induce  in  the  plates  a  state  in  which  me- 
chanical stimulation  has  an  etJect  precisely  the  reverse  of  this  — 
exciting  movement  in  inactive  plates  and  stimulating  rather  than 
repressing  movement  in  those  already  active.    The  abnormally  accel- 
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crated  vibratory  movement  observed  in  pure  and  especially  in  weakly 
acidulated  solutions  of  alkali  or  alkali  earth  salts'  is  absolutely  in- 
susceptible to  mechanical  inhibition:  and  plates  that  fail  at  first 
to  vibrate  in  such  solutions  —  as  not  infrequently  happens  —  may 
readily  be  stimulated  to  energetic  activity  by  poking  or  stirring  with 
a  needle  or  a  glass  rod.  Mechanical  stimulation  thus  produces 
under  these  conditions  an  effect  directly  opposite  to  that  observed 
normally;  the  absolute  lack  of  any  inhibition  through  mechanical 
influence,  once  vibration  has  begun  in  these  solutions,  is  in  striking 
contrast  to  the  behavior  in  the  normal  medium. 

The  inhibitory  effect  is  thus  dependent  on  a  certain  constitution 
of  the  surrounding  medium.  In  media  of  composition  similar  to 
that  of  sea  water  the  calcium  salts  play  an  especially  important  role. 
If  these  are  removed,  the  plates  are  found  after  an  interval  to  be  no 
longer  subject  to  mechanical  inhibition.  The  dependence  of  inhi- 
bition on  the  presence  of  calcium  salts  is  indicated  by  the  following 
experiment : 

Portions  of  the  ciliated  rows  of  Eucharis  multicomis '  were  placed  tn  an  arti- 
ficial calcium-free  sea  water  of  the  following  compoution  :  30  gm.  NaCl, 
6.6  gm.  MgSOi,  0.8  gm.  KCI  in  1000  c.c.  of  solution.*  After  an  interval 
of  one  to  two  minutes  typical  movements  begin,  and  in  five  minutes  all  the 
plates  are  beating  rapidly  and  regularly  with  a  rhythm  more  rapid  than  in 
nonnal  sea  water.  This  movement  is  not  noticeably  checked  by  jarring 
or  by  pulling  the  portions  of  tissue  through  the  solution  with  forceps,  but 
continues  undisturbed  in  active  regular  rhythm. . 

In  Mnemiopsis,  so  far  as  I  have  observed,  the  conditions  of  activ- 
ity are  essentially  the  same  as  in  Eucharis,  and  in  the  majority  of 
the  experiments  on  the  relation  of  salts  to  mechanical  inhibition 
I  have  used  the  common  Woods  Hole  species,  Mnemiopsis  leidyi. 
The  following  experiment  is  typical : 

September  9,  1906.  —  A  strip  from  a  row  of  active  plates  of  a  Mnemiopsis  was 
placed  at  1 1 .30  A.  M.  in  the  following  van't  Hoff 's  solution :  1 00  volumes 
m/2  NaCI  +  ».3  vols,  m/j  KCI  +  7.8  vols,  m/i  MgCl,  -|-  3.8  vols,  m/x 
MgSO,.  The  plates,  after  remaining  inactive  at  tii^t  for  a  few  minutes, 
resume  active  regular  beating  movement.    At  first  the  movement  may  be 

^  C/.  my  former  paper,  already  cited,  pp.  124  seg. 

'  The  species  chiefly  used  in  my  experiments  at  Naples;  called  by  an  inad- 
vertence Eucharis  lobata  in  my  former  paper. 

*  Hbrdst  :  Archiv  fiir  Entwicklungsmechanik,  1900,  ix,  p.  424. 
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inhibited,  though  not  readily,  by  mechanical  treatmeot ;  later  the  plates 
lose  all  SQSceplibility,  vigorous  stirring  and  pulling  through  the  solution 
having  no  apparent  influence  on  their  activity.  Occasionally  the  plates,  if 
left  to  themselves,  may  cease  movement  spontaneously ;  they  are  then 
easily  stimulated  mechanically  to  renewed  activity.  After  twenty-two 
hours  in  the  solution  activity  still  retnaios,  though  the  beats  are  somewhat 
feeble ;  mechanical  treatment  has  no  inhibitory  action,  but,  on  the  con- 
trary, augments  the  movement ;  at  this  time  the  plates  are  clouded  and 
whitish  in  appearance,  indicating  incipient  coagulation. 
Id  the  control  experiment  —  a  strip  from  the  same  animal  in  sea  water — ■ 
slight  mechanical  stimulation  due  to  contact  of  a  glass  rod,  or  even  shaking 
or  jarring  the  dish,  promptly  airests  movement  at  any  lime  during  Sep- 
tember 9  up  to  4.15  P.  U.  The  next  morning,  after  twenty-two  hours,  the 
plates  are  also  readily  inhibited  in  this  manner,  but  activity  is  resumed 
sooner  and  is  less  intermittent  and  of  a  more  rapid  rhythm  than  before. 
Several  plates  at  one  end  of  the  strip  are  only  slighdy  sensitive  to  mechan- 
ical inhibition  (this  decrease  in  susceptibility  in  portions  of  rows  kept  for 
some  time  in  sea  water  is  typical). 

The  following  experiments  illustrate  the  effect  of  addition  of 
small  quantities  of  a  calcium  salt  to  the  van't  Hoff's  solution : 

Scrips  containing  rows  of  plates  from  a  large  Mnemiopsis  were  added  to  the 
following  solutions  at  345-3-50  p-  m.,  September  10,  1906. 

I.    100  vob.  van't  Hoff's  solution  (w/i),  without  Ca  (control). 
J.    100  vols,  van't  Hoff's  solution  {m/a),  -f-  ^  vol.  m/2  CaCI*. 

3.  100  vols,  van't  HofTs  solution  (iw/2),  -|-  i  vol.  m/2  CaCl,. 

4.  100  vob.  van't  HoflPs  solution  (mji),  -J-  2  vols,  mjz  CaClt. 

5.  100  vols,  van't  Hoff's  solution  (m/i),  +  4  vols,  w/a  CaClt. 

6.  100  vols,  van't  HofTs  solution  (»»/s),  -i-  8  vols,  m/2  CaCI,. 

The  action  of  these  solutions  was  as  follows : 

I.  {Control.)  At  4.30  p.  m.  the  plates  are  in  active  movement  which  cannot 
be  inhibited  mechanically ;  plates  spontaneously  inactive  &re  stimulated 
to  renewed  activity  by  contact  with  the  glass  rod.  Next  day  (aflsr  seven- 
teen hours)  plates  are  partly  clouded,  and  beat  somewhat  weakly;  the 
glass  rod  stimulates  slightly;  no  inhibition. 

3.  At  4.30  P.  u.  the  plates  are  beating  actively ;  mechanical  inhibition  is  absent 
or  ^ght  J  mechanical  treatment  often  stimulates.  Next  day  (seventeen 
hours)  conditions  are  similar  to  these  in  the  control. 

3.  4-30  P.M.  In  general  similar  to  Solution  i,  but  the  movement  is  more 
intermittent  and  shows  slight  inhibition.     Next  day  (after  seventeen  hours) 
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the  plates  are  active  anil  unclouded  ;  movement  is  stimulated  rather  than 
inhibited  by  contact  with  the  glass  rod.    . 

4.  At  4.30  p.  H.  the  plates  are  beating  actively  and  continuously ;  the  move- 
ment is  readily  inhibited  by  contact  or  janing.  Next  day  (after  seventeen 
hours)  movement  is  active  and  intermittent,  travelling  in  irregular  iraves 
along  the  row  ;  the  plates  remain  transparent.  Mechanical  inhibition 
remains,  though  less  marked  than  yesterday,  and  movement  is  quickly 
resumed;  after  twenty-three  hours  inhibition  Js  slight  or  absent;  move- 
ment is  active,  and  the  plates  are  slightly  clouded. 

5-  4.30  p.  H.  The  plates  remain  for  the  most  part  inactive  with  only  occa- 
sional spontaneous  beats.  Next  day  (seventeen  hours)  there  is  some 
intermittent  activity,  very  easily  inhibited;  a  slight  touch  invariably  in- 
hibits the  active  plates  and  has  practically  no  effect  on  inactive. 

6.  At  4.30  P.  u.  the  plates,  though  normal  in  appearance,  remain  persistently 
inactive ;  no  spontaneous  movement  is  seen,  and  mechanical  treatment 
fails  to  stimulate.     After  seventeen  hours  all  are  coagulated  and  inactive. 

The  use  of  m/a  SrCl,  in  place  of  mjx  CaCl,  in  Solutions  2  and  3  (further 
addition  of  SrClj  precipitates  SrSO,)  produces  no  evident  effect  The 
addition  of  SrClj  is  here  insufficient  for  purposes  of  comparison ;  it  will 
be  seen  later  that  strontium  can  replace  calcium  only  to  a  limited  degree. 

From  the  above  experiments  it  appears  that  an  increase  in  the 
proportion  of  calcium  in  the  medium  renders  the  plates  more  and 
more  sensitive  to  the  inhibitory  influence  of  contact  or  shaking,  and 
decreases  the  susceptibility  to  stimulation  by  the  same  means.  The 
spontaneous  activity  of  the  plates  is  also  diminished  in  the  presence 
of  calcium :  it  is  slight  in  Solution  5  (with  4  volumes  m/i  CaClj)  and 
completely  absent  in  Solution  6.  The  intermittence  of  the  normal 
movement  in  sea  water  thus  appears  to  depend  on  the  presence  of 
calcium,  —  i.  e.,  spontaneously  acting  internal  influences  tending  to 
check  the  movement  are  either  absent  or  ineffective  when  the  medium 
is  deficient  in  calcium.  In  general,  therefore,  increase  in  calcium 
facilitates  prtKesses  tending  to  inhibition  of  the  contractile  activity, 
while  decrease  has  the  opixjsite  effect.  The  calcium  ions  in  the  tissue 
for  some  reason  exercise  a  repressive  influence  on  the  contractile 
process. 

A  repetition  of  the  above  experiments  with  a  van't  Hofli's  solu- 
tion in  which  magnesium  sulphate  was  omitted  and  replaced  by 
magnesium  chloride  gave  an  almost  identical  result.  The  sulphate 
ion  is  thus  unimportant  in  relation  to  inhibition. 
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The  following  solutions  were  employed :  Solution  1 :  van't  HoETs  solution 
without  sulphate  (100  vols,  m/3  NaCI  +  3.2  vols,  m/3  KCI  +  11.6  vols, 
mji  MgClj)  ;  Solutions  2-6  :  the  same  with  the  addition,  respectively,  of 
},  I,  3,  4,  and  8  vols,  m/z  CaCl,.  Strips  with  plates  from  an  active 
Mnemiopsis  were  added  to  the  solutions  at  3.45  to  3.50  p.  m.,  September 
10,  1906.     The  results  were  as  follows  : 

1.  Control  {ym'i  Ho (Ts  solution  —  SO,),    An  hour  after  placing  in  solution  the 

plates  show  active  and  continuous  movement  which  is  stimulated  and  not 
inhibited  by  contact  with  a  glass  rod.  Next  morning  (after  eighteen  hours) 
the  plates  are  somewhat  clouded ;  the  movement  is  stimulated  by  contact ; 
no  inhibition. 

2.  100  vols,  solution  +  \  vol.  m/z  CaClj.     After  an  hour  movement  b  active 

and  there  is  practically  no  inhibition ;  usually  the  glass  rod  stimulates. 
After  eighteen  hours  conditions  are  as  in  Solution  i. 

3.  100  vols,  solution  +  I  vol.  m/z  CaCl2.     After  an  hour  movement  is  active 

and  shows  only  slight  and  inconstant  inhibition ;  after  eighteen  hours  the 
plates  are  transparent  and  vigorously  active  \  mechanical  inhibition  is 
either  evanescent  or  absent ;  the  glass  rod  stimulates.  A  few  hours  later 
(twenty-three  hours)  most  of  the  plates  are  in  active  movement  and  show 
slight  clouding  ;  no  inhibition.     All  are  coagulated  next  morninf . 

4.  100  vols,  solution  +  2  vols,  m/2  CaCla-    After  an  hour  the  plates  are 

largely  inactive  or  show  intermittent  movement;  contact  with  the  rod 
always  inhibits  movement  aud  does  not  stimulate  inactive  plates.  Next 
morning  (eighteen  hours)  the  plates  are  transparent  and  show  vigorous 
intermittent  movement ;  mechanical  inhibition  is  well  marked,  but  the 
movement  tends  soon  to  be  resumed.  After  twenty-three  hours  the  plates 
are  less  sensitive  to  inhibition.  After  forty-two  houis  many  plates  show 
active  vibratory  movement,  and  susceptibility  to  inhibition  is  slight,  though 
still  apparent ;-  at  this  lime  the  plates  are  beginning  to  coagulate. 

5.  100  vols,  solution  +  4  vols,  m/z  CaCl,.     After  an  hour  the  plates  show 

almost  no  spontaneous  activity.  Next  morning  (eighteen  hours)  the 
movement  is  intermittent,  and  the  plates  remain  inactive  for  the  greater 
part  of  the  time ;  the  movement  itself  is  active  and  easily  inhibited ;  plates 
are  transparent  or  slightly  clouded.  At  twenty-three  hours  the  plates 
have  begun  to  coagulate  ;  the  living  plates  still  show  intermittent  activity ; 
inhibition  is  present,  though  less  pronounced  than  before.  Next  morning 
all  the  plates  are  coagulated. 

6.  100  vols,  solution  -|-  8  yols.  m/a  CaClj.     The  plates  show  no  spontaneous 

movement  at  first  and  cannot  be  stimulated.  Next  morning  (eighteen 
hours)  most  plates  are  coagulated ;  a  few  are  living  and  intermittently 
active ;  these  are  easily  inhibited.  A  few  partly  coagulated  plates  show 
vibratory  movement  \  this  is  not  easily  inhibited. 
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The  general  result  is  thus  identical  with  that  of  the  preceding 
series  of  experiments.  The  omission  of  the  sulphate  has  no  evident 
influence.  Certain  relations  appear  with  great  constancy  in  this 
and  similar  series.  First:  spontaneous  movement,  which  ordi- 
narily is  arrested  by  the  mechanical  treatment  accompanying  the 
transfer  of  the  strips  to  the  solutions,  is  resumed  in  the  solution  after 
an  interval.  This  interval  is  brief  in  the  solutions  containing  no 
calcium;  in  the  others  it  is  found  in  general  to  be  more  prolonged 
the  larger  the  proportion  of  calcium,  and  in  solutions  of  relatively 
high  calcium  content  several  hours  may  elapse  before  spontaneous 
contractions  begin.  Second:  plates  in  solutions  containing  excess 
of  calcium  (as  Solutions  5  and  6  above),  while  at  first  perfectly 
quiescent,  later  become  active.  This  activity  is  at  first  intermittent 
and  very  easily  inhibited;  later  it  becomes  more  continuous,  and 
inhibition  is  more  difHcutt  and  less  lasting ;  still  later,  especially  when 
the  plate  substance  has  become  clouded,  the  vibrations  become  both 
more  rapid  and  more  continuous,  and  are  frequently  not  inhibited, 
but  on  the  contrary  stimulated,  by  mechanical  treatment.  Third: 
plates  whose  substance  shows  a  visible  clouding  —  an  effect  which 
always  appears  in  artiflcial  solutions,  indicating  an  incipient  coagu- 
lation of  the  contractile  tissue  —  show  typically  a  more  rapid  rhythm 
than  do  the  unclouded  transparent  plates,  and  the  movement  is  more 
continuous  and  less  easily  inhibited.  As  described  in  my  fonner 
paper,  this  effect  appears  very  rapidly  in  pure  isotonic  solutions  of 
alkali  and  alkali  earth  salts ;  in  the  above  solutions  it  appears  more 
gradually  and  is  usually  not  evident  until  at  least  several  hours  have 
elapsed ;  but  even  in  sea  water  it  is  found  eventually  and  is  accom- 
panied by  a  similar  alteration  in  the  character  of  the  movement. 
Fourth  :  in  addition  to  the  above  specific  effects  of  the  calcium  there 
is  always  apparent  a  well-marked  antitoxic  action,  —  the  presence  of 
calcium  in  favorable  proportions  prolongs  the  period  during  which 
the  plates  remain  living  and  capable  of  normal  activity;  i.  e.,  the 
medium  is  rendered  more  favorable,  in  accordance  with  a  rule  of 
very  general  applicability. 

To  summarize:  calcium  ions  evidently  inhibit  the  contractile  pro- 
cess in  media  similar  to  sea  water  in  constitution,  especially  under 
conditions  of  mechanical  disturbance;  this  inhibition  becomes  less 
effective  after  the  plates  have  been  immersed  for  some  hours  in  the 
solution,  and  the  diminution  in  effectiveness  appears  to  run  parallel 
with  the  progress  of  coagulative  changes  in  the  substance  of  the 
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plate.  Now,  coagulative  changes  appear  in  some  manner  to  under- 
lie contraction,  as  indicated  by  the  association  of  an  accelerated 
rh3fthm  with  visible  changes  of  this  kind  in  the  contractile  fibnllae ; 
hence  the  inference  is  suggested  that  the  diminishing  inhibitive  effect 
is  dependent  on  a  progressive  ascendancy  of  conditions  favoring 
coagulative  and  so  contractile  processes  in  the  fibrillje.  Calcium 
thus  appears  to  exercise  its  action  by  influencing  the  velocity  or  the 
character  of  certain  coagulative  changes  intimately  associated  with 
the  act  of  contraction.  Later  I  shall  attempt  to  account  theoretically 
for  this  connection  between  coagulative  changes  in  the  fibrillae  and 
contraction;  the  mechanism  of  inhibition  will  then  be  again  con- 
sidered and  a  definite  theory  proposed  (see  page  214  seq.). 

It  is  remarkable  that  calcium  cannot  be  replaced  in  this  relation 
by  either  strontium  or  barium ;  its  action  has  thus  a  certain  speci- 
ficity difficult  to  explain  on  physico-chemical  grounds.  Two  series 
of  solutions  similar  to  the  above  were  tried  in  which  strontium  and 
barium  chlorides  were  respectively  substituted  for  calcium  chloride, 
vis.,  100  volumes  van't  HoflF's  solution  (without  sulphate)  -|-  0.5,  i, 
2, 4,  and  8  volumes  m/2  SrClj  or  BaClj.  In  the  first  four  solutions  of 
the  strontium  series  mechanical  inhibition  was  almost  entirely  absent. 
In  Solution  5  (-|-  8  c.c.  m/2  SrClj)  the  plates,  after  an  hour  in  the 
solutiCMi,  showed  active  movement  of  a  more  intermittent  character 
than  in  the  four  preceding;  stirring  and  poking  with  the  glass  rod 
produced,  however,  only  slight  and  doubtful  inhibition ;  some  hours 
later  no  sign  of  inhibition  could  be  seen,  and  the  only  evident  effect 
was  one  of  stimulation.  With  barium  chloride  the  plates  in  the  first 
three  solutions  showed,  after  an  hour,  active  movement  not  inhibited 
but  stimulated  by  mechanical  treatment ;  the  movement  lasted  for 
more  than  twenty-four  hours  and  always  showed  this  form  of  re- 
sponse. In  Solution  4  (-|-  4  c.c.  m/2  BaClj)  the  toxic  influence  of 
the  barium  soon  became  evident ;  after  an  hour  the  plates  were  in- 
active and  partly  coagulated ;  later  a  few  plates  became  active ; 
contact  then  showed  no  inhibitory  action,  but  caused  well-marked 
stimulation.  With  8  volumes  m/2  BaClj  no  movement  resulted,  and 
coagulation  was  rapid. 

Potassium  salts.  —  The  presence  of  potassium  is  inessential  to 
this  form  of  inhibition.  A  small  proportion  of  potassium,  as  of 
calcium,  is  favorable  to  the  preservation  of  irritability  in  the  plates. 
Thus  in  one  series  (September  15,  1906)  all  the  plates  in  the  van't 
Hoff's  solution   (with  MgSO^)   were  transparent  and  active  after 
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twenty-three  hours ;  in  the  corresponding  solution  without  sulphate 
conditions  were  similar,  and  a  few  plates  remained  active  for  so  long 
as  fifty  hours.  In  a  mixture  containing  sodium  and  magnesium 
chlorides  in  about  the  same  proportions  (90  volumes  m/2  NaCl  + 
10  volumes  m/2  MgClj)  movement  had  ceased  and  the  plates  were 
coagulated  after  nine  hours.  In  the  same  solution  with  the  addition 
of  I,  2,  3,  and  4  volumes,  respectively,  of  m/a  KCl,  the  results  were: 
in  the  first  movement  lasted  more  than  eight  hours ;  in  the  second 
some  plates  remained  active  after  twenty-nine  hours ;  the  other  two 
were  less  favorable,  but  movement  was  considerably  prolonged  in 
both. 

The  insusceptibility  to  mechanical  inhibition  in  mixtures  of  sodium 
and  magnesium  chlorides  is  not  altered  by  the  addition  of  even  large 
quantities  of  potassium  chloride.  This  is  illustrated  by  the  follow- 
ing series.  Rows  of  plates  from  Mnemiopsis  were  placed  in  these 
solutions:  (i)  90  volumes  m/2  NaCl  +  10  volumes  m/2  MgClj 
(2-5)  100  yolumes  Solution  i  +  respectively  i,  2,  4,  and  8  volumes 
»m/2  KCl.  In  the  first  four  solutions  the  plates  after  two  hours  and 
thirty  minutes  were  vigorously  active,  and  were  stimulated  but  not 
perceptibly  inhibited  by  agitation  and  contact ;  in  the  fifth,  after  the 
same  interval,  several  plates  had  undergone  coagulation,  and  the 
movement  in  those  still  living  was  enfeebled;  here  also  contact  stim- 
ulated activity  with  no  sign  of  inhibition.  The  conditions  in  this 
contractile  tissue  seem  thus  to  differ  fundamentally  from  those  in 
the  vertebrate  heart,  where,  according  to  the  researches  of  Howell, 
potassium  salts  play  an  essential  role  in  vagus  inhibiticMi.^ 

Addition  of  calcium  to  this  mixture  of  sodium  and  magnesium 
chlorides  has  the  same  effect  as  in  the  preceding  series  with  van't 
Hoff 's  solutions.    The  following  series  will  illustrate : 

Strips  with  attached  plates  (Mnemiopsis)  were  placed  in  the  following  solutions 
at  3.50  to  3.5s  p.  M.,  September  11,  1906.  A  mixture  of  90  vols,  m;^ 
NaCl  +  10  vols,  w/a  MgCIt  was  used,  to  which  iw/2  CaClj  was  added  in 
the  following  proportions : 

I.  Control  without  Ca:  Afler  one  hour  movement  is  active;  it  is  stimulated 
and  not  inhibited  by  contact.  After  three  hours  about  one  third  of  the 
plates  are  coagulated  ;  the  remainder  show  the  same  reaction  as  before. 

a.  100  vols,  solution  +  0.5  vol.  w/i  CaClj :  After  an  hour  movement  is  active  ; 
it  is  not  inhibited  but  stimulated  by  contact.  One  or  two  plates  are  coagu- 
lated after  three  hours  ;  next  morning  (eighteen  hours)  all  are  coagulated. 
*  Howell:  This  journal,  1906,  xv,  p.  z8o. 


Digitized  by  Google 


The  Relation  of  Jons  to  Contractile  Processes.       209 

3.  100  vols,  solution  +  I  vol.  m/i  CaC!»:  After  one  hour  movement  is  active 

and  shows  only  slight  temporary  inhibition.  The  plates  are  unaltered  after 
three  hours ;  next  morning  all  are  coagulated. 

4.  100  vols,  solution  +  z  vols  w/a  CaCI, :  After  one  hour  tnovetnent  is  active 

but  intermittent  and  is  easily  inhibited  ;  otherwise  like  Solution  3. 

5.  100  vols,  solution  +  4  vols,  mjt  CaCl, ;  After  one  hour  the  plates  show 

little  spontaneous  movement ;  this  is  very  readily  inhibited. 

6.  +  8  vols.  «/2  CaCli :  After  one  hour  the  plates  are  inactive,  with  the  excep- 

tion of  two  at  the  end  of  a  strip  which  are  partly  coagulated  and  show  the 
active  vibratory  movements  (not  inhibited)  typical  of  this  condition. 

A  similar  series  with  mjz  SrClj  instead  of  CaCI^  showed  active 
movement  in  the  first  four  solutions  (corresponding  to  Solutions 
2  to  5  above) ;  the  plates  in  Solution  5  (with  4  volumes  »(/2  SrClj) 
showed  some  slight  inhibition  after  an  hour  in  the  solution,  but  for 
the  most  part  no  perceptible  inhibition  followed  contact.  In  Solu- 
tion 6  (+  8  volumes  w/2  SrQj)  the  plates  were  inactive  and 
partly  coagulated  after  an  hour.  Here  again,  as  in  the  preceding 
series,  strontium  proves  incapable  of  replacing  calcium,  althou^ 
when  it  is  added  in  considerable  concentration  some  slight  inhibitory 
action  is  seen. 

The  effects  of  a  progressive  increase  in  the  proportion  of  calciian 
are  illustrated  in  more  detail  by  the  results  of  the  following  series : 

A  solution  consisting  of  90  vols.  6/10  m  NaCl  +  10  vols,  m/3  MgCli  was  used, 
to  which  m/z  CaClj  was  added  in  the  proportions  indicated.  Strips  with 
TOWS  of  plates  from  Mnemiopsis  were  introduced  into  the  solution  at  the 
times  indicated,  from  11.05  to  11.13  a.m.,  August  24,  1905. 

1.  90  vols.  6/10  m  NaCl  +  10  vols,  iw/a  MgCl, :  Strips  introduced  1 1.05  a.  M. 

Movement  begins  very  soon  after  immersion  in  the  solution  ;  at  11.14  it 
is  active  and  almost  perfecdy  continuous.  At  1 1 .23  contact  with  a  glass 
rod  or  jarring  the  dish  produces  practically  no  effect ;  violent  shaking  may, 
however,  produce  a  slight  momentary  inhibition ;  active  movement  is  re- 
sumed almost  immediately.  At  11. 50  the  solution  was  changed  for  fresh 
to  remove  the  calcium  salts  derived  from  the  strips;  at  11.52  the  move- 
ment is  continuously  active  and  continues  vigorously  in  spite  of  violent 
stirring,  shaking,  and  jarring.  At  12.33  'he  plates  show  incipient  coagula- 
tion, and  movement  is  enfeebled  ;  there  is  no  mechanical  inhibition.  Most 
of  the  plates  are  coagulated  at  13.45. 

2.  99  vols.  Solution  1  +  1  vol.  «/z  CaCU ;  Introduced  ir.07.     At  11.14 

movement  is  active  and  somewhat  intermittent,  ceasing  every  now  and 
then  for  a  few  seconds.    At  11.35  *<>  ^'-3°  ^  slight  touch  with  the  rod  is 
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followed  by  instant  inhibition ;  tnorement  is  resumed  almost  immediately 
(within  one  to  three  seconds).  Jarring  the  dbh  inhibits  less  readily  than 
in  Solution  3.  At  iz.oo  and  11.94  movement  is  active  and  more  or  less 
intermittent ;  it  is  easily  inhibited  as  before.  At  3.00  a  fair  proportion  of 
the  plates  are  coagulated  ;  the  rest  show  active  vibratory  movement,  which 
is  inhibited  less  readily  than  before.     At  3.30  all  the  plates  are  coagulated. 

3.  98  vob.  Solution  r  +  a  vols,  mfi  CaClt:  Introduced  ri.oS.     At  11.15 

movement  is  active  and  intermittent,  of  slower  liiythm  than  in  Solution  3, 
with  pauses  of  considerable  length.  At  11.35  flight  contact  with  the  rod 
produces  inhibition  lasting  several  seconds  ;  the  plates  are  more  sensitive 
than  in  Solution  3  ;  jarring  the  dish  readily  inhibits  all  activity.  At  is. 00 
movement  remains  active,  though  with  a  somewhat  slower  rhythm  than  in 
Solution  3  ;  it  is  easily  inhibited,  and  inhibition  lasts  longer  than  in  Solu- 
tion 3.  At  1 3.35  and  1 3.45  conditions  are  similar.  At  3.20  all  plates  are 
coagulated. 

4.  95  vols.  Solution  1  +  5  vols,  m/s  CaCli :  Introduced  11.09.     At  11.16 

the  plates  show  occasional  beats ;  the  rhythm  is  slow  and  irregular,  with 
reladvely  prolonged  periods  of  quiescence.  At  13.00  the  plates  show 
fairly  active  intermittent  movement  more  continuous  than  at  first :  slight 
contact  very  readily  produces  inhibition  which  lasts  longer  than  in  the  pre- 
ceding solution.  At  13.35  ^^^  19.45  active  intermittent  movement  con- 
tinues, easily  inhibited  as  before.     At  9.00  all  the  plates  arc  coagulated. 

5.  90  vols.  Solution  i  -(-  10  vols,  m/s  CaCli:  Introduced  11.10.    The  plates 

remain  inactive  ;  no  movement  is  seen.  At  19.00  the  plates  are  already 
whitened  and  show  no  movement. 

6.  80  vols.  Solution  1  4-  30  vols,  m/s  CaCU:  Introduced  1*1.13.     At  11.30 

the  plates  are  already  whitened  and  show  no  movement. 

7.  70  vols.  Solution  i  -I-  30  vols,  mjz  CaCli.    Smilar  to  Solution  6. 

Another  series  with  the  same  solutions  gave  an  identical  result; 
the  movement  began  immediately  in  Solution  1  and  continued  in 
rapid  and  continuous  rhythm  without  inhibition ;  in  Solution  2 
movement  also  began  at  once,  but  was  more  intermittent ;  in  Solu- 
tion 3  it  began  after  a  short  interval  of  quiescence  and  continued 
intermittently  in  waves  of  activity  alternating  with  long  pauses ;  in 
Solution  4  no  movement  appeared  for  the  first  three  or  four  minutes ; 
after  five  minutes  an  occasional  beat  was  seen,  but  the  plates  re- 
mained inactive  for  the  greater  part  of  the  time.  Corresponding  to 
the  increase  in  the  initial  period  of  quiescence  was  the  typical  increase 
in  the  readiness  of  mechanical  inhibition ;  in  Solution  2  jarring  the 
dish  produced  momentary  inhibition  lasting  at  most  for  two  or  three 
seconds ;  in  Solution  3  the  same  treatment  was  followed  by  a  pro- 
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longed  pause,  while  in  Solution  4  spontaneous  movement,  when  it 
occurred,  was  still  more  readily  inhit>ited,  and  the  resulting  period 
of  inactivity  was  greatly  prolonged. 

A  third  similar  series  showed  the  same  increasing  suppression 
of  spontaneous  movement  with  increasing  proportions  of  calcium, 
simultaneously  with  an  increasing  susceptibility  to  mechanical  inhi- 
bition. In  all  of  these  series  the  addition  of  a  favorable  proportion 
of  calcium  prolonged  markedly  the  period  during  which  the  plates 
remained  living  and  capable  of  activity. 

Two  additional  series  of  experiments  were  performed  in  which 
the  calcium  chloride  in  the  above  solutions  was  replaced  by  stron- 
tium chloride,  with  results  similar  to  those  already  described.  Addi- 
tion of  strontium  in  large  proportions  —  up  to  70  vols.  Na-Mg 
solution  +  30  vols,  m/i  SrCIg  —  was  found  not  to  prevent  the  early 
appearance  of  spontaneous  movement  in  the  unaltered  plates;  and 
while  mechanical  inhibition  is  not  entirely  absent  in  solutions  con- 
taining ten  or  more  volumes  of  the  m/2  SrClj  solution,  it  is  relatively 
slight  and  temporary.  In  solutions  with  95  vols.  Na-Mg  mixture  -|- 
5  vols,  fn/2  SrCIj  little  or  no  mechanical  inhibition  was  seen.  The 
general  conclusion,  therefore,  indicated  by  these  and  the  above 
experiments,  is  that  strontium,  while  capable  to  a  slight  d^;ree  of 
performing  the  inhibitory  function  of  calcium,  is  incomparably  less 
effective  than  the  latter  cation.  The  same  appears  to  be  true  of 
barium.  Systematic  experiments  with  salts  of  other  metals  have  not 
yet  been  tried. 

Conditions  under  which  calcium  exercises  its  inhibitory  func- 
tion. —  The  above  relation  of  calcium  to  inhibition  is  not  absolute, 
but  is  found,  so  far  as  my  observation  has  gone,  only  in  solutions 
containing  also  sodium  and  magnesium  salts  in  favorable  propor- 
tions. Sodium  salts  cannot  be  replaced  by  those  of  other  alkali 
metals,  as  potassium  and  ammonium.  I  have  not  yet  examined  the 
case  of  lithium,  whose  similarity  to  sodium  (in  relation  to  contractile 
processes)  might  lead  one  to  expect  the  possibility  of  at  least  a  par- 
tial substitution.  The  presence  of  magnesium  in  addition  to  sodium 
is  essentia] ;  salts  of  this  metal  are  by  far  the  most  favorable  in 
counteracting  the  destructive  action  of  pure  solutions  of  sodium 
salts  on  this  tissue ;  the  only  other  metal  that  approaches  magnesium 
in  this  respect  is  manganese.  It  is  remarkable  that  the  alkali  earth 
metals,  calcium,  strontium,  and  barium,  have  only  slight  antitoxic 
action  with  pure  solutions  of  sodium  salts  in  the  absence  of  magne- 
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sium.  This  is  illustrated  by  the  following  experiments  with  the 
swimming-plates  of  Eucharis  multicornis.  Strips  with  plates  at- 
tached were  placed  in  the  following  solutions:  (i)  pure  6/10  m 
NaCl;  (2)  90  vols.  6/10  m  NaCl  -|-  10  vols,  m/2  CaCla;  (3)  80 
vols.  6/10  fn  NaCl  +  20  vols,  w/2  CaCI^,  etc.,  in  regular  series  to  pure 
m/2  CaClj.  In  the  pure  6/10  m  NaCl  the  typical  effect  already 
described  is  seen,  —  rapid  vibration  accompanied  by  coagulation  of 
the  plate  substance.  In  Solution  2  (90  NaCl  +  10  CaCl2)  active 
vibratory  movements  also  begin  at  once ;  the  movement  is  unaffected 
by  mechanical  disturbance,  and  is  accompanied,  though  more  gradu- 
ally than  in  the  pure  NaCl  solution,  by  progressive  coagulation  of  the 
fibrillie.  In  the  other  solutions  of  the  series  and  in  the  pure  CaClj 
solution  typical  rapid  vibratory  movements  also  occur  accompanied 
by  clouding  and  coagulation.  The  antitoxic  action  with  calcium 
alone  is  thus  slight,  although,  on  tht  whole,  movement  is  slower  and 
more  prolonged  in  mixtures  of  sodium  and  calcium  chlorides  than  in 
the  pure  sodium  chloride.  Nevertheless  in  all  cases  activity  ceases 
within  half  an  hour  or  less,  and  susceptibility  to  mechanical  inhi- 
bition is  absent  in  spite  of  the  large  proportion  of  calcium  in  these 
solutions.  The  difference  from  magnesium  is  striking:  addition  of 
magnesium  chloride  to  pure  6/10  m  NaCl  results,  as  already  seen, 
in  typical  well-marked  antitoxic  action ;  the  movement  has  the  nor- 
mal metachronous  beating  character  and  in  favorable  solutions  may 
last  several  hours.  Such  movement,  as  already  emphasized,  is  not 
susceptible  to  mechanical  inhibition,  but  becomes  so  on  the  addition 
of  a  little  calcium  to  the  solution. 

In  sea  water  the  maintenance  of  the  normal  rhythm  thus  depends 
on  the  presence  of  the  magnesium,  while  the  intermittence  and  ready 
inhibition  of  the  movement  depend  on  the  calcium ;  the  potassium, 
in  some  manner  not  yet  clear,  constitutes  an  important  element  in 
the  general  favorability  of  the  medium.  Increcise  of  the  proportion 
of  calcium  over  the  normal  depresses  spontaneous  contractility  and 
increases  the  readiness  and  persistency  of  the  response  to  inhibitory 
influences ;  while  decrease  in  calcium  has  the  reverse  effect,  —  accel- 
erating the  normal  rhythm  and  rendering  it  more  continuous,  and 
removing  to  a  greater  or  less  degree  the  inhibitory  response  to 
mechanical  stimuli.  ■ 

The  conditions  of  activity  in  such  a  tissue  evidently  depend  inti- 
mately on  the  ionic  constitution  of  the  medium.  Thus  mechanical 
stimuli  affect  the  contractile  activity  in  the  presence  of  calcium  in 
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a  precisely  opposite  manner  from  that  shown  in  its  absence  —  check- 
ing activity  under  the  former  conditions  and  stimulating  it  under 
the  latter.  In  sea  water  contact  usually  checks  activity  in  healthy 
plates;  but  an  intermediate  condition  in  which  contact  sometimes 
accelerates  and  sometimes  checks  activity  is  often  seen  in  sea  water, 
especially  in  plates  that  have  been  kept  in  this  medium  for  some 
time.  A  fundamental  similarity  in  the  nature  of  the  two  apparently 
opposite  processes  of  stimulation  and  inhibition  is  indicated;  whether 
a  given  stimulus  increases  or  depresses  activity  depends  on  the 
nature  and  proportions  of  the  ions  in  the  tissue. 

The  repressive  influence  of  the  calcium  ion  on  spontaneous  rhyth- 
mical activity  in  myscle  has  been  emphasized  especially  by  Loeb ;  * 
the  effect  which  he  describes  is  similar  in  some  respect?,  to  that 
seen  in  the  swimming-plate  in  solutions  of  sodium  and  magnesium 
chlorides.  The  conversion  of  a  stimulating  into  an  inhibitory  action 
through  an  increase  in  the  concentration  of  the  calcium  ions  in  the 
tissue  is,  however,  in  some  respects  a  quite  distinct  phenomenon. 
There  is  something  analogous  also  in  the  behavior  of  the  veratrinized 
vertebrate  muscle,  where  stimulation  accelerates  the  relaxation,  i.  e., 
inhibits  an  existing  state  of  contraction.  The  case  of  the  vertebrate 
heart  shows  the  closest  analogy.  Howell^  has  found  that  vagus 
inhibition  is  dependent  on  the  presence  of  potassium;  calcium  is 
comparatively  inessential,  although  it  appears,  at  least  under  cer- 
tain conditions,  to  play  some  part.  Increasing  the  proportion  of 
potassium  ions  in  the  perfusing  solution  increases  the  sensitivity  to 
vagus  inhibition,  while  their  removal  lessens  or  abolishes  this  effect. 
Here  also  a  dependence  of  inhibition  on  the  presence  of  a  specific 
ion  is  indicated ;  in  both  this  case  and  the  above  the  active  catipn  is 
one  whose  presence  in  the  medium  in  larger  than  the  normal  pro- 
portions depresses  the  contractile  activity.  A  possible  inference, 
and  one  suggested  by  Howell,  is  that  the  stimulus  in  some  way  sets 
free  the  depressant  ion  within  the  tissue. 

Just  why,  in  the  Ctenophore  swimming-plate  under  normal  condi- 
ticHis,  this  specific  depressant  influence  of  calcium  should  especially 
manifest  itself  under  mechanical  stimulation,  but  usually  not  at  other 
times,  requires  explanation.  If  the  depression  of  contractile  activity 
is  due  to  an  increase  in  the  proportion  of  calcium  ions  in  the  con- 
tractile tissue,  one  can  only  assume  that  the  mechanical  stimulus  acts 

•  Loeb:  Festschrift  fiir  Fick,  1899,  Braunschweig,  p.  101. 
'  Howell  :  Lt>c.  eit. 
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by  facilitating  the  entrance  of  these  ions,  presumably  by  altering 
the  permeability  of  the  surface  layer  and  thereby  rendering  the 
entire  structure  more  readily  penetrable.  If  we  assume  this,  we 
must  also  suppose  that  the  active  plate  offers  normally  a  certain 
resistance  to  the  entrance  of  calcium  ions,  since  otherwise  the  con- 
tinued beating  in  sea  water  would  be  inexplicable.  But  why  should 
the  mechanically  induced  inhibition  be  only  temporary,  and  the  less 
so  the  higher  the  proportion  of  calcium  in  the  medium  ?  Only  a 
hypothetical  explanation  can  be  offered  at  present ;  it  is  probable 
that  under  normal  conditions  a  state  of  equilibrium  exists  within  the 
plate  involving  a  certain  relatively  fixed  proportionality  in  the  cal- 
cium content  of  the  two  structural  elements  of  the  tissue,  —  the 
contractile  fibrils  and  the  interfibrillar  substance.  We  may  assume 
that  when  the  tissue  is  placed  in  a  medium  with  more  than  the 
normal  concentration  of  calcium  salts  calcium  ions  enter  the  inter- 
fibrillar spaces;  if  the  tissue  is  agitated  in  such  a  medium,  or  even 
one  of  normal  calcium  content,  the  same  may  be  supposed  to  occur. 
The  presence  of  the  resulting  excess  of  calcium  ions  in  the  inter- 
fibrillar spaces  inhibits  activity  until  the  normal  state  of  equilib- 
rium is  restored,  a  process  requiring  some  time.  Increasing  the 
calcium  content  of  the  medium  naturally  increases  the  time  re- 
quired for  the  attainment  of  this  equilibrium,  and  hence  inhibition 
is  more  prolonged.  Above  a  certain  limiting  concentration  of  cal- 
cium the  normal  equilibrium  cannot  be  attained  and  the  inhibition 
is  permanent.  Whether  such  a  conception  corresponds  to  the  actual 
conditions  or  not,  it  seems  necessary  to  assume  some  alteration  in 
the  distribution  of  the  inhibiting  ions  within  the  tissue  in  order  to 
explain  the  evanescence  of  the  effect;  and  it  is  only  to  be  expected 
that  the  time  required  for  such  redistribution  will  be  the  more  pro- 
longed the  greater  the  number  of  inhibiting  ions  entering  the  tissue. 
The  part  played  by  the  calcium  in  inhibition  requires  further  anal- 
ysis, and  it  is  clear  that  the  problem  involves  the  further  fundamental 
question  of  the  nature  of  the  contractile  process  itself.  The  above 
facts  appear  to  throw  some  light  on  both  questions;  they  indicate 
that  the  essential  action  of  the  calcium  lies  in  its  altering  the  permea- 
bility of  the  contractile  elements  to  ions.  Thus  it  seems  certain  that 
ionic  interchanges  between  contractile  tissues  and  the  medium  con- 
stitute an  important  condition  of  activity  in  such  tissues;  this  seems 
clearly  demonstrated  by  the  existence  of  an  action  current;  during 
contraction  the  polarization  at  the  surface  of  the  contractile  elements 
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diminishes  or  disappears,  and  ions  pass  freely  in  both  directions,  as 
shown  by  the  passage  of  the  current.  The  seat  of  the  electromotive 
force  in  muscle  is  usually  considered  to  be  the  surface  layer  or  plasma 
membrane  of  the  entire  cell ;  but  a  large  portion  of  the  potential  prob- 
ably has  its  origin  at  the  boundary  layers  between  the  numerous  con- 
tractile elements  or  fibrillfc  and  the  sarcoplasm,*  since  each  contractile 
element  must  be  regarded  as  having  the  same  electrical  properties  as 
the  entire  compound  structure.  There  is  no  reason  to  doubt  that  the 
facts  established  for  muscle  apply  also  to  a  relatively  simple  contrac- 
tile element  like  a  cilium,  in  which  there  is  a  similar  fundamental 
structure,  namely,  parallel  contractile  fibrils  imbedded  in  an  inter- 
stitial substance  analogous  to  the  sarcoplasm  of  a  muscle  fibre.  An 
action  current  must  then  be  supposed  to  accompany  each  ciliary 
beat  as  in  the  case  of  each  heart  beat,  —  that  is,  there  is  a  temporary 
depolarization,  with  passage  of  ions  in  both  directions  through  the 
boundary  surfaces. 

From  this  point  of  view  the  above  cessation  of  movement  in  cal- 
cium-containing media  evidently  indicates  a  cessation  of  such  ionic 
interchanges.  The  influence  of  the  calcium  ions  on  the  permeability 
of  the  surface  layers  of  the  contractile  fibriilie  is  thus  indicated  as  an 
important  condition  of  inhibition.  Evidently  increasing  the  con- 
centration of  calcium  ions  retards  such  ionic  interchanges,  —  as 
shown  by  its  slowing  the  rhythm  and  under  certain  conditions,  as 
mechanical  agitation,  checking  it  altogether.  In  other  words,  the 
calcium  acts  by  decreasing  the  permeability  of  the  surface  layers 
to  ions.  On  the  other  hand,  the  fact  that  when  the  plate  begins  to 
undergo  ante-mortem  coagulation,  its  rhythm  becomes  faster  and 
its  susceptibility  to  inhibition  decreases,  indicates  an  increased  readi- 
ness of  such  ionic  interchanges  under  these  conditions.  It  is  sig- 
nificant that  this  change  in  activity  is  associated  with  a  visible  change 
in  the  condition  of  the  plate,  namely,  the  coagulative  change  already 
described ;  such  a  change,  by  impairing  the  continuity  of  the  surface 
layers  at  which  the  ionic  interchanges  occur,  must  greatly  accelerate 
such  interchanges,  and  as  a  natural  consequence  the  dependent 
rhythm  of  contraction  is  also  accelerated.  These  facts  afford  very 
direct  indication  that  the  rate  of  the  contractile  rhythm  depends  on 
the  degree  of  permeability  of  the  contractile  elements  to  ions, 

The  connection  between  coagulative  changes  in  the  fibrils  and  con- 

■  Cf.  Bernstein  :  Archiv  fur  die  gesammte  Physiologic,  190a,  xcii,  p.  521,  and 
"  Die  Krafte  der  Bewegung  in  der  lebenden  Substanz,"  Braunschweig,  1902. 
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traction  is,  however,  undoubtedly  farther  reaching  than  this,  and 
involves  alterations  in  the  entire  substance  of  the  fibrillx  and  not 
merely  in  their  surface  layers.  During  the  abnormally  accelerated 
vibratory  movement  in  pure  6/10  NaCl  or  similar  media  the  whole 
fibril  coagulates,  at  a  rate  which  is  clearly  proportional  to  the  energy 
of  the  vibratory  movement.*  What  are  the  conditions  of  this  coagu- 
lative  change,  and  why  is  it  correlated  with  the  contraction?  Since 
coagulation  of  colloids  is  due  to  ions,  we  are  led  to  ctHisider  the  pos- 
sibility that  the  change  in  the  ionic  content  of  the  fibril  due  to  the 
ionic  interchange  just  discussed  is  the  direct  cause  of  the  coagulative 
change  producing  contraction.  This  coagulative  change  seems  inde- 
pendent of  the  entrance  of  specific  ions  from  outside,  since  it  occurs 
whenever  the  above  abnormally  rapid  vibratory  movement  is  estab- 
lished, whatever  the  character  of  the  solution ;  even  in  pure  non- 
electrolyte  solutions  (dextrose,  cane  sugar,  urea)  the  same  effect 
is  seen?"  The  coagulation  must  then  be  referred  to  alterations  in 
the  concentration  or  nature  of  the  ions  or  ion-producing  substances 
already  present  in  the  tissue,  and  we  are  led  to  consider,  first,  the 
relations  of  equilibrium  between  these  ions  and  the  colloids  consti- 
tuting the  contractile  fibril,  and,  second,  the  possible  consequences  of 
an  alteration  of  this  equilibrium  incident  on  the  above  change  in 
the  icrtiic  permeability  of  the  fibril. 

In  the  inactive  fibril  an  equilibrium  must  exist  between  its  colloids 
on  the  one  side  and  its  contained  ions  on  the  other.  While  this  equi- 
librium persists  unchanged,  the  colloids  preserve  unchanged  a  certain 
aggregation  state,  and  no  contraction  will  occur.  In  any  system  con- 
taining a  hydrophilous  colloid,"  such  as  these  composing  tissues, 
a  certain  fairly  well-defined  state  of  colloidal  aggregation  corresponds 
to  a  given  electrolyte  content.  This  is  best  shown  by  the  fact  that 
the  osmotic  pressure  of  such  solutions  —  which  is  an  index  of  the 
number  of  independent  active  colloid  particles  in  the  solution  — 
varies  in  a  definite  manner  with  variations  in  the  electrolyte  content,*' 

*  C/.  my  former  paper  (loc.  cil.)  pp.  125,  iz6. 
.  w  -The  plates  of  Eucharis  may  show  active  vibration  in  non-clectrolyte  solutions, 
although  the  movemenl  is  less  energetic  than  in  salt  solutions.  Slight  acidula- 
tion  of  the  solution  produces  a  marked  increase  in  the  vigor  and  activity  of  such 
movements,  as  also  in  the  case  of  salt  solutions.  The  presence  of  ions  in  the  ex- 
ternal medium  seems  thus  less  essential  for  ciliary  than  for  muscular  contraction. 

"  Hoebrr:  Physikalische  Chemie  der  Zelle  und  der  Gewebe,  zte  Aufl.,  Engel- 
mann,  Leipzig,  190G.  p.  239. 

'*  R   LiLLiE :  This  journal,  1907,  xx.  p.  1 27. 
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Expressed  somewhat  differently,  we  may  say  that  the  nature  and 
extent  of  the  interface  between  colloid-rich  and  colloid-poor  phases 
(or  colloid  particles  and  medium)  is  a  function  of  the  ionic  content 
of  the  system ;  to  a  particular  concentration  of  a  given  electrolyte 
a  particular  condition  of  equilibrium  corresponds.  We  may  there- 
fore suppose  that  in  the  individual  contractile  fibril  (considered  as 
such  a  system)  this  equilibrium  is  determined  by  the  character  and 
surface  extent  of  the  colloidal  constituents  on  the  one  hand,  and  the 
nature  and  concentration  of  the  ions  on  the  other.  This  entire 
system  will  be  in  equilibrium  with  the  surrounding  medium,  —  so  far 
as  it  is  not  isolated  from  the  latter  by  its  surface  layer,  which  forms 
a  partition  impermeable  to  all  of  its  colloids,  and  to  a  large  propor- 
tiCTi  of  its  contained  ions.  If  now  the  partition  suddenly  becomes 
permeable  to  ions,  an  ionic  interchange  between  medium  and  fibril 
at  once  occurs.  The  electrolyte  content  of  the  fibril  is  thus  altered, 
and  the  previous  equilibrium  is  disturbed ;  a  change  in  the  aggrega- 
tion state  of  the  colloids  at  once  follows.  This  last  event,  according 
to  the  hypothesis,  is  the  direct  condition  of  the  contraction. 

The  importance  of  the  difference  between  the  respective  ionic 
contents  of  contractile  tissue  and  medium  is  thus  evident :  it  supplies 
the  conditions  for  the  polarization  of  the  surface  layers,  as  in  a 
"diosmotic"  cell,^'  and  also  favors  the  ionic  interchange  as  soon  as 
the  partition  between  medium  and  tissue  becomes  permeable.  At 
this  mcmient  the  ionic  interchange  occurs ;  the  movement  of  ions  is 
more  rapid  than  that  due  to  mere  diffusion,  on  account  of  the  poten- 
tial gradient  already  existing  between  exterior  and  interior  of  the 
fibril,  and  a  correspondingly  prompt  aggregation  change  in  the 
fibrillar  colloids  will  follow.  This  aggregation  change  with  the  asso- 
ciated contraction  is  thus  merely  a  response  to  a  sudden  alteration  of 
the  conditions  of  equilibrium.  It  is  known  that  a  gradual  alteraticMi 
of  the  ionic  concentration  is  relatively  ineffective  as  a  stimulus,  as 
also  in  changing  the  aggr^;ation  state  of  colloids.'* 

The  relaxation  remains  to  be  accounted  for;  in  most  tissues  it 
follows  automatically  with  cessation  of  the  stimulus.  In  the  first 
place,  it  must  be  noted  that  the  cessation  of  the  action  current  indi- 
cates 3  restoration  of  impermeability,  and  relaxation  must  in  some 

"  C/.  BrUnings:  Archiv  fiirdje  gesammte  Physiologie,  1903,  c,  p.  367. 

"  C/.  Freundlich:  Zeitschrift  fiir  physikalische  Chemie,  1903,  Uiv,  p.  129; 
HoEBERand  Gordon:  Beitrage  zur  chemischen  Physiologie  und  Pathologie,  1904, 
V.  p,  432. 
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way  depend  on  this.  Apparently  reIaxati<Mi  indicates  a  return  to  the 
normal  resting  condition  of  equilibrium  as  somi  as  the  possibility  of 
ionic  interchan§:e  with  the  medium  is  removed.  In  addition  to  this 
relatively  passive  side  of  the  phenomenon  there  may  be  a  more  active 
side;  no  doubt  the  completeness  of  the  reversibility  of  the  contractile 
change  is  in  some  way  connected  with  the  metabolic  processes  in  the 
tissue. 

These  metabolic  processes  are  of  course  the  ultimate  source  of  the 
energy  of  contraction,  which  thus  represents  chemical  energy  trans- 
formed into  the  surface  energy  of  the  colloidal  fibrils.'"  In  a  tissue 
contracting  rhythmically  and  automatically,  like  the  heart  muscle  or 
the  cilium,  we  may  infer  that  the  periodic  alteration  in  the  permea- 
bility of  the  contractile  elements  is  due  to  the  production  of  certain 
ions  through  metabolic,  preponderantly  oxidative,  processes.  These 
ions  leave  the  tissue  not  continuously,  but  rhythmically,  owing  to  their 
own  action  on  the  permeability  of  the  surface  layer,  which  automati- 
cally undergoes  alternations  of  greater  and  less  permeability,  corre- 
sponding respectively  to  the  contraction  and  the  relaxation  phases  of 
the  beat.  Presumably  a  certain  critical  concentration  of  ions  is  neces- 
sary to  reduce  the  impermeability  sufficiently  to  allow  the  pass^e  of 
the  ions  concerned  and  so  to  cause  contraction.  The  contraction 
itself  or  the  accompanying  transfer  of  ions  apparently  involves  a 
restoration  of  the  original  condition  of  rest,  and  so  the  cycle  is  re- 
peated in  regular  rhythm.  Since  the  alternation  of  permeability  and 
impermeability  corresponds  to  a  successive  polarization  and  depolari- 
zation of  the  boundary  surfaces,  the  long-known  electrical  rhythm 
accompanies  the  rhythm  of  contraction. 

As  to  the  general  mechanism  of  inhibition  —  the  special  phenom- 
enon considered  in  this  paper  —  its  determining  condition  on  the 
present  theory  is  evident.  In  any  rhythmically  contracting  tissue, 
like  the  cilium  or  the  heart,  the  possibility  and  the  rate  of  the  ionic 
interchanges  on  which  contraction  depends  are  dependent  on  the 
ionic  permeability  of  the  surface  layer  of  the  contractile  fibril  ;*this 
may  be  altered  by  ions  in  the  external  medium.  The  influence  of 
calcium  on  the  rhythm  of  the  Ctenophore  swimming-plate  is  an  in- 
stance of  this  nature,  as  already  explained,  the  calcium  ion  diminish- 
ing or  abolishing  the  permeability. 

>*  D'Arsonval,  Bernstein,  and  J.  Loeb  have  supported  similar  views.  Re- 
cently Freondlich,  "  Kapillarchemie  und  Physiologie,"  Dresden,  1907,  has  given 
a  striking  exposition  of  this  general  theory. 
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The  general  physiological  significance  of  these  changes  in  permea- 
bility during  activity  seems  to  have  been  insufficiently  emphasized. 
In  all  probability  they  constitute  an  important  factor  in  the  intake 
of  dissolved  substances  and  especially  food  materials  by  living  tis- 
sues. Thus  the  difficulty  (on  which  Overton  '*  has  insisted)  in  ac- 
counting for  the  entrance  of  such  substances  as  sugars  —  for  which 
the  plasma  membrane  of  resting  cells  is  impermeable  —  is  over- 
come. Instead  of  supposing  that  these  substances  form  lipoid- 
soluble  combinations  with  other  compounds,  we  have  only  to  assume 
that  (hey  enter  the  cell  during  its  active  condition,  that  is,  at  a  time 
when  the  plasma  membrane  is  demonstrably  freely  permeable  to  ions, 
and  supposedly  also  for  other  substances  that  are  unable  to  enter 
the  resting  cell.*'  The  functional  hypertrophy  of  active  muscle 
thus  becomes  intelligible:  with  the  increased  blood  supply  accom- 
panying activity  and  due  to  vascular  dilatation  there  is  associated  an 
increased  permeability  of  the  plasma  membranes ;  food  materials 
are  thus  enabled  readily  to  enter  the  cell.  Hence,  also,  the  progres- 
sive atrophy  accompanying  long-continued  inactivity ;  such  a  muscle 
actually  starves  in  the  midst  of  plenty  simply  on  account  of  the  imper- 
meability of  its  surface  layers  to  the  necessary  food  materials. 


Summary. 

1.  Mechanical  stimulation  arrests  the  automatic  activity  of  the 
Ctenophore  swimming-plate  in  sea  water  and  in  certain  artificial 
media  similar  to  sea  water  in  general  composition  (van't  Hoff's 
solution,  mixtures  of  NaCl  and  MgCIj), 

2.  This  susceptibility  to  mechanical  inhibition  is  dependent  on  the 
presence  of  calcium  salts ;  decrease  in  the  proportion  of  calcium 
increases  the  automatic  activity  of  the  plates  and  diminishes  and 
finally  altogether  removes  the  above  susceptibility;  increase  in  cal- 
cium diminishes  automatic  activity  and  greatly  facilitates  inhibitjon. 
Calcium  cannot  be  replaced  by  strontium  or  barium. 

3.  The  essential  action  of  the  calcium  in  producing  this  effect 
appears  to  consist  in  an  alteration  of  the  permeability  of  the  contrac- 
tile tissue  to  ions.     The  contractile  activity  is  explained  as  due  to 

'*  Overton  :  Archiv  fiir  die  gesammt'e  Physiolt^'e,  1902.  xcii,  p  Z15. 

"  This  suggestion  has  been  made  by  Hoeber  :  Archiv  fur  die  gesammte  Phy- 
siologie,  1905,  cvi,  p.  633,  and  Physikalische  Chemie  der  Zelle  und  der  Gewebe, 
2te  Aufi.,  1906,  p.  318. 
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rhythmical  alterations  in  the  ionic  content  of  the  contractile  fibrils, 
due  to  rhythmical  alterations  in  their  ionic  permeability,  —  of  which 
the  action  current  is  evidence.  Aggregation  changes  in  the  colloidal 
constituents  of  the  fibrils  accompany  these  rhythmical  changes  in 
their  ionic  content  and  form  the  direct  condition  of  the  rhythmical 
contraction.  Calcium  salts  check  or  inhibit  contractile  activity  by 
decreasing  the  ionic  permeability  of  the  fibrils;  mechanical  stimula- 
tion acts  by  facilitating  the  entrance  of  calcium  ions  into  the  tissue. 
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THE  INFLUENCE  OF  VARIOUS  LYMPHAGOGUES  ON 
THE  RELATIVE  CONCENTRATION  OF  BACTERIO- 
AGGLUTININS  IM  SERUM  AND  LYMPH. 

By  B.    BRAUDE   and  A.  J.    CARLSON. 

[/■'ram  tkt  /Ml  Pkfsalvgical  Laioralfry  a/  Ike  UitiorriUy  af  CAiaiga.J 

IT  is  well  known  that  the  natural  as  well  as  the  specific  bactericidal 
and  bacterio-agglutinating  substances  of  the  blood  are  found  in 
the  lymph  of  the  same  animal.  In  the  experiments  summarized  in 
this  report  we  endeavored  to  determine  ( i )  the  relative  concentra- 
tion of  the  bacterio-agglutinin  in  dog's  serum  and  in  dog's  lymph 
from  different  regions  of  the  body;  and  (2)  the  change  in  this  rela- 
tion of  serum  and  lymph  produced  by  various  lymphagogues.  The 
work  is  an  extension  of  the  investigation  of  the  influence  of  13ml- 
phagogues  on  the  hemolytic  action  of  the  lymph  by  Hughes  and 
Carlson.  The  problem  is  stated  in  greater  detail,  and  its  complexity 
discussed,  in  the  paper  by  Hughes  and  Carlson,  to  which  the  reader 
is  referred.' 

I.  The  Literature. 

The  earliest  work  on  the  bactericidal  action  of  the  lymph  and 
other  body  fluids  was  done  by  Nuttall,"  Prudden,'  and  Meltzer  and 
Norris.^  Meltzer  and  N'orris  studied  the  bactericidal  action  on  the 
typhoid  bacillus  of  the  lymph  from  the  thoracic  duct  of  the  dog, 
making  use  of  the  plating  method.  The  lymph  was  obtained  from 
fasting  dogs  and  was  therefore  free  from  fat.  These  investigators 
conclude  that  dog's  tlK»racic  lymph  has  the  same  or  nearly  the  same 

'  Hughes  and  Carlson  :  This  jouraal,  1908,  xxi,  p.  236. 
«,  NpTTALL :  Zeitachrift  fiir  Hygiene,  1888,  iv,  p.  353. 

*  Priidden:  Medical  record,  1890. 

*  Meltzer  and  Norkis:  Journal  of  experimental  medicine,  1897,  ii,  p.  701. 
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bacteriocidal  power  as  dc^s  serum.  Their  observations  did  not 
extend  to  the  agglutinins. 

Pick  ■  and  Le\'y  and  Giessler  "  have  described  bacterio-agglutinins 
in  the  cerebrospinal  fluid,  aqueous  humor,  pericardial  fluid,  and 
various  transudates  and  exudates  in  man.  Other  observers  have 
failed  to  find  agglutinins  for  bacillus  typhosus  in  the  cerebrospinal 
fluid  of  typhoid  patients.  These  agglutinins  are  probably,  therefore, 
not  present  in  all  cases.  Kohler.*  for  example,  secured  positive 
results  in  three  out  of  ten  typhoid  patients,  while  in  the  cerebrospinal 
fluid  of  ten  non-typhoid  patients  positive  results  were  obtained  in 
cmly  one  case.  The  same  observer  records  the  presence  of  agglu- 
tinins in  the  blood  of  non-typhoid  patients  as  well  as  healthy  indi- 
viduals to  the  extent  of  15  per  cent  of  the  subjects  investigated.  So 
far  as  we  know,  there  is  no  evidence  that  this  agglutinin  is  specific 
for  the  typhoid  bacillus.  Kohler  observed  an  increase  in  the  natural 
agglutinating  power  of  the  blood  of  rabbits  and  dt^s  after  obstruc- 
tion of  ductus  choledoches,  due  in  all  probability  to  the  accumulation 
of  bile  acids  (taurocholic  acid)  in  the  blood.  By  intravenous  injec- 
tion of  taurocholic  acids  the  concentration  of  normal  typhoid  agglu- 
tinins is  greatly  increased  in  the  dog's  blood,  but  not  in  that  of  the 
rabbit. 

Rosenberg '  studied  the  ccmcentration  of  the  typhoid  agglutinins 
in  the  body  fluids  of  the  rabbit  immunized  against  the  typhoid 
bacillus.  The  concentration  of  the  a^lutinins  in  the  various  transu- 
<lates  depends  <mi  their  concentration  in  the  blood.  On  obstructing 
the  ureters  the  concentraticm  of  the  agglutinins  in  the  transudates  is 
increased.  Acites  fluid,  pleural  and  pericardial  fluids,  contain  a 
greater  percentage  of  the  agglutinins  than  aqueous  humor  or  cerebro- 
spinal fluid. 

According  to  zur  Nedden,*  typhoid  bacteriolysins  of  the  blood  do 
not  pass  into  the  lachrymal  fluid,  nor  are  they  present  in  the  normal 
secretion  of  the  conjunctiva,  but  the  catarrhal  secretion  of  the  con- 
junctiva is  strongly  bacteriocidal,  and  this  action  is  due,  at  least  in 
part,  to  lysins  in  solution. 

'  Cited  from  the  extensive  paper  on  the  agg^ntinins  by  Kohi^r,  Ktinisches 
Jahrbuch,  1901,  viii,  p.  84. 
•  Kohler  :  Loc.  cit. 

''  RosBNBERG :  dted  from  Centralblatt  fiir  Baktenologle,  1905,  xnm,  p.  193. 
■  Zur  Nedden  :  Zeitschrift  fiir  AngeheiUmnde,  1907,  xviii,  p.  300. 
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II.  Methods. 

The  lymphs  were  collected  through  sterile  cannulse,  with  the  ani- 
mals under  light  ether  narcosis.  The  lymphs  were  allowed  to  coagu- 
late in  the  sterile  test  tubes  used  for  their  reception,  and  the  tests 
were  made  on  the  fluid  expressed  from  the  light  coagulum.  The 
blood  was  likewise  collected  through  sterile  cannulae,  invariably 
centrifugal ized,  and  the  tests  made  on  the  fluid  expressed  from  the 
corpuscle-free  part  of  the  clot.  The  cerebrospinal  fluid,  aqueous 
humor,  and  pericardial  fluid  were  usually  collected  after  bleeding  the 
animals  to  death,  so  as  to  render  admixture  with  blood  more  remote. 
When  erythrocytes  were  present  in  either  of  these  fluids,  the  fluid 
sample  was  discarded. 

The  lymphs  and  sera  were  usually  drawn  from  animals  after 
having  been  starved  for  from  twenty-four  to  thirty-six  hours  in 
order  to  obviate  the  presence  of  a  great  amount  of  fat  in  emulsion. 

Most  of  the  tests  were  made  wi  the  typhoid  agglutinins  present  in 
the  blood  and  lymph- of  normal  dogs.  Tests  were  also  made  on  the 
body  fluids  of  four  dogs  and  two  cats  after  previous  inoculation  with 
the  typhoid  bacillus.  The  dogs  were  inoculated  intraperitoneally 
three  times,  fourteen,  eight,  and  three  days  prior  to  the  experiment, 
with  twenty-four  hours  old  live  broth  culture  of  the  bacillus,  in  quan- 
tities of  5  C.C.,  7  CO.,  and  10  c.c.  respectively.  The  cats  were  simi- 
larly immunized  on  the  tenth  and  fourth  day  preceding  the  experi- 
ments with  4  c.c.  and  7  c.c.  of  the  culture. 

Most  of  the  tests  were  made  on  the  same  day  the  body  fluids  were 
secured.  In  the  cases  where  the  lymphs  and  sera  could  not  be  tested 
immediately  after  being  drawn,  the  material  was  kept  in  the  ice  box. 
Sera  and  lymphs  kept  in  this  way  in  the  ice  box  for  as  long  as  six 
days  neither  gained  nor  lost  in  their  agglutinating  power. 

The  hanging-drop  method  was  used  in  all  our  experiments.  The 
bacteria  adhering  to  the  point  of  a  platinum  needle  were  mixed  with 
two  loops  full  of  sterile  broth  and  one  loop  full  of  the  serum  or 
lymph  in  normal  concentration  or  in  varying  degrees  of  dilution. 
The  broth  was  introduced  in  order  to  have  an  abundant  food  supply 
for  the  bacteria.  For  each  series  of  tests  one  control  preparation 
was  made  using  only  sterile  broth. 
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III.  Results, 

The  serum,  thoracic  lymph,  neck  lymph,  and  pericardial  fluid  of 
nonnal  dc^s  contain  an  agglutinin  or  agglutinins  for  typhoid 
bacilli.  The  agglutinin  is  most  concentrated  in  the  serum.  Next  in 
order  comes  the  lymph  from  the  thoracic  duct.  The  neck  lymph  has 
a  still  weaker  action,  while  the  pericardial  fluid  has  the  least  of  any 
of  the  active  liquids.  The  cerebrospinal  fluid  and  the  aqueous  humor 
of  normal  dogs  have  no  agglutinating  action  on  typhoid  bacilli.  The 
relative  agglutinating  power  of  serum,  thoracic  lymph,  and  neck 
lymph  of  the  normal  dog  thus  exhibits  the  same  relations  as  their 
hemolytic  power,  but  the  difference  in  their  agglutinating  action  is 
not  always  as  marked  as  that  of  their  hemolytic  power.  When  the 
body  fluids  are  added  to  the  broth-bacillus  mixture  in  the  proportion 
T  :  2,  all  the  bacilli  are  agglutinated  by  the  serum  in  from  ten  to 
fifteen  hours,  while  scrnie  bacilli  remain  motile  in  the  thoracic  and 
neck  lymph  for  more  than  twenty-four  hours. 

Out  of  a  total  of  thirteen  normal  cats  examined,  in  only  one  case 
did  the  serum  and  lymphs  show  any  agglutinating  action  on  the 
typhoid  bacilli.  The  sera  and  lymphs  were  added  in  the  proportion 
I  ;  2,  as  in  the  case  of  the  dog's  body  fluids,  but  there  appeared  no 
agglutinatitm  during  the  first  twenty-four  hours,  at  which  time  ob- 
servations were  discontinued.  It  is  therefore  probable  that  the  body 
fluids  of  normal  cats  contain  no  a^lutinins  for  the  typhoid  bacilli. 
This  is  rendered  more  likely  because  of  the  fact  that  the  serum  and 
lymphs  of  the  cat  giving  positive  results  had  as  great  agglutinating 
power  as  the  body  fluid  of  the  two  cats  which  were  immunized  against 
the  bacilli.  The  one  cat  forming  the  exception  had  in  all  probability 
been  infected  with  typhoid  bacilli  before  he  came  into  our  hands. 
The  cats  were  brought  to  the  laboratory  from  all  parts  of  the  city, 
so  we  had  no  means  of  knowing  their  history. 

The  serum  and  lymphs  of  the  cats  immunized  against  the  typhoid 
bacillus  exhibited  the  same  relation  in  agglutinin  concentration  as 
the  corresponding  fluids  of  the  normal  dogs,  as  will  be  seen  from 
Series  I,  B. 

The  lymphagogues  (strawberry'extract,  lo  per  cent  peptone,  lo 
per  cent  cane  sugar,  5  per  cent  sodium  chloride)  have  no  effect  on  the 
relative  concentration  of  the  a^lutinins  in  the  serum  and  the  lymphs 
(Series  II) .    Our  experiments  on  this  point  comprise  three  with  the 
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peptone  solution,  one  with  strawberry  extract,  four  with  hypertonic 
sodium  chloride  solution,  and  two  with  hypertonic  cane  sugar  solu- 
tion.    In  no  instance  were  we  able  to  detect  any  diminution  or  in- 


SERIES  1. 

The  relati*e  ^glntioiting  power  of  aerum  a.nd  lymph  from  the  thortcic  due 
from  ihe  n«ck  lymphatic*. 
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Normal. 
Normal. 
Normal. 

crease  in  the  agglutinating  action  of  the  lymphagc^ne  lymphs  over 
that  of  the  normal  lymphs.  On  the  mechanical  theory  of  the  action 
of  these  lymphagogues  there  ought  to  have  been  an  increase  in  the 
agglutinating  power  of  the  peptone  and  the  strawberry  extract 
lymph,  and  a  diminution  in  the  sugar  and  the  sodium  chloride  lymphs, 
inasmuch  as  the  normal  serum  contains  a  slightly  greater  percentage 
of  the  agglutinins  than  the  lymph.  According  to  our  results  the  rate 
of  formation  or  appearance  of  the  agglutinins  in  the  lymph  is  in 
some  way  directly  correlated  with  the  rate  of  formation  of  the  lymph 
itself. 

The  intravenous  injection  of  these  lymphagogues  does  not  seem 
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to  alter  the  agglutinating  power  of  the  serum  itself.  The  test 
sample  of  lytnphagogue  serum  was  always  taken  about  sixty  minutes 
after  the  lymphagogue  injection.     Tlie  crystalloid  lymphagogues 


The  relative  agglutinating  action  of  serum  and  lymph  before  and  after  intraTcnoiu  injec- 
tion of  peptone.  Time  between  tlie  injection  of  the  peptone  and  taking  the  test 
Mmplei,  fiO  minutei. 
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tion. 
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increase  the  total  amount  of  the  blood  by  the  passage  of  water  from 
the  tissues.  This  would  lead  to  diluticHi  of  the  a^lutinins  in  the 
serum,  unless  agglutinins  are  also  given  up  to  the  serum  by  the 
tissues.  We  may  also  have  an  increase  in  the  rate  of  formation  of 
agglutinins  in  the  blood  itself  or  a  diminution  in  the  rate  of  their 
destructiwi. 
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Hewlett  *  found  that  large  doses  of  peptone  introduced  into  the 
btood  of  a  dog  diminished  its  bactericidal  action  on  the  colon  bacil- 
lus, weaker  doses  havii^  no  effect.  We  failed  to  observe  any  such 
action  of  peptone  on  the  power  to  agglutinate  the  typhoid  bacillus. 
But  it  must  be  remembered  that  the  amount  of  the  peptone  injected 
in  our  experiments  never  reached  0.5  per  kilogram  body  weight. 

In  normal  dogs  the  pericardial  fluid  cc»itains  tyf^oid  a^Iutintns, 
but  in  less  concentration  than  the  thoracic  or  the  neck  lymphs.  The 
cerebrospinal  fluid  and  the  aqueous  humor  have  no  tyi^oid  agglu- 
tinating action  (Series  III).  In  dc^s  immunized  against  the  typhoid 
bacilli  the  agglutinins  are  present  in  considerable  concentration  in 
both  the  cerebrospinal  fluid  and  the  aqueous  humor.  There  is  con- 
siderable evidence  to  the  effect  that  the  normal  cerebrospinal  fluid 
is,'at  least  in  part,  a  product  of  secretion  by  the  epithehal  cells  of  the 
choroid  plexus.  The  absence  of  the  agglutinins  in  the  normal 
cerebrospinal  fluid  and  its  presence  after  immunization  may  be  due 
to  special  activity  of  the  secretory  cells  under  influence  of  the  typhoid 
toxin ;  but  it  is  also  possible  that  the  agglutinins,  in  virtue  of  their 
great  concentration  in  the  btood  of  the  immunized  dogs,  simply  are 
carried  with  the  water  current  through  the  secreting  cells  into  the 
cerebrospinal  fluid.  Their  absence  in  normal  animals,  although 
present  in  the  blood  and  the  lymphs,  and  their  presence  in  the  im- 
munized animals  give  us  therefore  no  clew  as  to  the  place  of  forma- 
tion of  the  agglutinins.  The  number  and  character  of  the  leucocytes 
in  the  cerebrospinal  fluid  of  the  normal  and  the  immunized  dogs 
might  aid  in  settling  that  question. 

We  have  no  evidence  that  the  typhoid  agglutinin  in  the  serum 
and  the  lymph  of  normal  dc^s  is  specific.  In  fact,  it  is  probably 
not  specific.  If.  the  agglutinin  is  specific,  all  the  d(^  worked  on 
must  have  had  typhoid  infection  previous  to  being  brou^t  to  the 
laboratory.  This  is,  of  course,  possible,  in  the  case  of  stray  dogs  in 
a  large  city,  but  it  is  hardly  probable.  If  the  agglutinin  produced 
by  immunization  is  new  to  the  dog's  organism,  the  presence  of  this 
substance  in  body  fluids  where  the  normal  agglutinins  do  not  occur 
may  be  related  to  differences  in  the  character  of  the  agglutinins 
themselves. 

And  yet  there  remains  the  suggestive  fact  tiiat  in  cats,  having  no 
normal  typhoid  agglutinins,  the  immunization  produces  a  much 

•  Hewlett:  Archiv  ftir  experimentelte  Pathologic  und  Pliarmakolt^e,  1903, 
xUx,  p.  314. 
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weaker  concentration  of  the  agglutinin  in  the  serum  and  the  lymphs 
than  in  the  case  of  the  dog.  The  serum  and  lymphs  of  the  immu- 
nized cats  have  about  the  same  agglutinating  power  as  the  serum  and 
lymjrfis  of  normal  dogs.  The  absence  of  agglutinating  action  of  the 
body  fluids  of  the  normal  cat  and  this  relative  weak  concentration 
after  immunization  do  not  appear  to  be  due  to  the  presence  of  anti- 
agglufinins,  because  adding  serum  or  lymph  from  normal  cats  to  the 
coresponding  fluids  from  dogs  does  not  inhibit  the  agglutinating 
power  of  the  latter. 
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THE  RELATIVE  RESISTANCE  OF  THE  HEART  GAN- 
GLIA, THE  INTRINSIC  NERVE  PLEXUS,  AND  THE 
HEART  MUSCLE  TO  THE  ACTION   OF  DRUGS. 

By  W.   J.    MEEK. 

[frvia  lit  Htiil  PhylMtgidjJ  LaberaUry  ef  Hu  Univtrsity  vf  Claeagv,  ami  tki 

Marint  Bioltgical  Laboratvry,   Wetdt  fidt.'l 

^  I  ""HIS  report  is  a  continuation  of  the  work  of  Carlson  on  the 
■■■  point  of  action  of  drugs  in  the  heart,'  and  was  undertaken  at 
Professor  Carlson's  suggestion.  The  particular  point  of  this  series 
of  experiments  is  the  relative  rapidity  by  which  drugs  of  the  same 
concentration  produce  paralysis  in  the  different  tissues  of  flie  heart. 
It  has  been  shown  by  Carlson  that  in  Limulus  the  heart  ganglion  is 
much  more  sensitive  to  the  action  of  drugs  than  is  the  heart  muscle. 
In  very  weak  concentrations  the  drugs  act,  therefore,  primarily  cm 
the  heart  ganglion  alone.  The  primary  action  of  a  drug  on  the 
ganglion  may  be  the  opposite  from  that  on  the  muscle.  The  primary 
action  of  most  drugs  on  the  entire  heart  is  the  same  in  Limulus  and 
in  the  vertebrates,  but  in  the  case  of  the  vertebrate  heart  we  are  not 
able  experimentally  to  confine  the  action  of  any  drug  to  the  ganglicwi 
alone,  or  to  the  heart  muscle  or  the  nerve  plexus  alone- 
Such  an  attempt  has  been  made  by  Rohde  in  the  case  of  chloral 
hydrate.'  Rohde  found  that  in  certain  stages  in  the  chloral  hydrate 
action  on  the  frog's  heart  the  properties  of  the  heart  tissue  appeared 
to  be  fundamentally  altered.  This  was  interpreted  by  Rohde  as  due 
to  the  complete  paralysis  of  the  intrinsic  nervous  tissue  in  the  heart 
by  chloral  hydrate  while  the  heart  muscle  still  retained  its  excitability 
and  contractility.  Schultz  and  Carlson  '  have  not  been  able  to  cchi- 
firm  Rohde  on  the  point  that  the  refractory  state  disappears  com- 

'  Carlson:  This  jour oal,  1906,  xvii,  pp.  1,  177. 

'  Rohde  :  Archiv  fiir  ezperimtntelle  Pathologic  und  Pharmakol<^e,  1905,  liv, 
p.  104. 

*  Schultz;  This  journal,  1906,  xvi,  p.  483;  Cahi.son:  This  journal,  1907, 
xviii.p.  71. 
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pletely  in  chloral  hydrate  narcosis  before  the  disappearance  of  con- 
tractility. But  Rohde's  assumption  that  chloral  hydrate  completely 
paralyzes  the  heart  nervous  tissues  before  the  heart  muscle  is  sab- 
stantiated  by  Carlson's  observation  on  the  Limulus  heart.  In  that 
heart  it  can  be  proved  directly  that  chloral  hydrate  in  any  |^ven 
concentration  paralyzes  the  heart  tissues  in  the  following  order : 
ganglion,  nerve  plexus,  muscle.  According  to  my  results  this  order 
holds  for  all  drugs  and  chemicals  tested ;  so  in  this  regard  chloral 
hydrate  occupies  no  special  position. 


T.  Methods. 

The  various  methods  of  preparing  the  Limulus  heart  for  deter- 
mining the  action  of  chemicals  on  the  different  tissues  have  been 
described  by  Carlson  and  need  not  therefore  be  restated  here.  In 
many  of  the  present  experiments  no  special  preparation  of  the  heart 
was  resorted  to.  The  whole  heart  was  immersed  in  the  solution  to 
be  tested.  The  cessation  of  the  rhythm  was  taken  as  indicating  the 
point  when  complete  paralysis  of  the  ganglion  had  taken  place.  The 
lateral  nerves  or  the  nerve  plexus  as  a  whole  was  then  tested  by 
electrical  stimuli  from  time  to  time,  and  the  contractions  observed 
in  the  anterior  or  posterior  regicms  of  the  heart.  Isolation  of  the 
lateral  nerves  is  not  necessarj-  for  this  purpose,  as  the  Limulus  myo- 
cardium does  not  conduct  the  contraction  under  normal  conditions. 
In  most  cases,  however,  the  lateral  nerves  were  isolated  before  being 
stimulated,  so  as  to  avoid  even  the  possibility  of  muscular  conduction 
or  escape  of  the  current  to  the  heart  muscle  of  the  region  used  as  the 
indicator.  When  the  heart  muscle  no  longer  responded  to  the  stimu- 
lation of  the  lateral  nerves,  the  nerves  were  considered  paralyzed. 
The  stimulating  electrodes  were  then  shifted  directly  on  to  the 
muscle,  and  the  time  of  complete  disappearance  of  contractility  deter- 
mined. The  point  of  complete  disappearance  of  automatism  and 
contractility  was  determined  by  aid  of  a  hand  lens,  as  it  was  found 
to  be  just  as  accurate  as  the  graphic  method,  and  had  the  advantage 
of  being  much  simpler  and  more  time-saving. 

The  drugs  and  chemicals  used  were  of  Merck's  manufacture. 
The  drugs  were  dissolved  in  sea  water  or  serum.  Sea  water  is 
isotonic  and  practically  neutral  to  the  heart.  The  salts  were  used  in 
6/10  »  concentrations  and  diluted  with  sea  water  or  serum. 


Digitized  by  Google 


232  '    iV-  7-  Meek. 

The  resistance  of  the  heart's  tissues  to  drugs  and  chemicals  de- 
pends in  part  on  the  condition  of  the  animal  and  the  heart.  The  aim 
was  to  use  hearts  from  vigorous  and  healthy  animals  only,  so  as  to 
make  the  results  in  the  case  of  the  different  drugs  comparable. 


II.  Results. 

In  Table  I  are  summarized  the  results  on  the  drugs  and  chemicals 
so  far  tested.  An  examination  of  this  table  shows  that  the  rate 
of  paralysis  of  the  three  heart  tissues  is:  ganglion,  nerve  plexus, 
heart  muscle.  There  is  no  exception  to  this  rule  in  the  case  of  any 
diemical  tested,  or  in  any  concentration  of  these  chemicals.  But  in 
the  case  of  some  of  the  more  intensely  acting  drugs  or  salts  the 
greater  the  concentration,  the  more  rapid  the  onset  of  paralysis,  so 
that  the  difference  in  the  element  of  time  between  the  paralysis  of 
the  different  tissues  is  greatly  decreased,  and  hence  not  so  readily 
determined. 

The  action  of  the  drug  as  measured  by  the  latent  period  in  the 
onset  of  paralysis  appears  to  be,  on  the  whole,  directly  pr(^K>rtional 
to  its  concentration.  For  example,  aconitin  in  concentration  of 
i/iooo  stops  the  ganglionic  automatism  in  about  one  minute,  while' 
the  concentration  of  1/2600  requires  about  three  minutes  to  produce 
paralysis  of  the  ganglic^i. 

All  of  these  drugs  and  chemicals  act  on  all  three  of  the  heart 
tissues.  The  selective  action  is  only  one  of  d^ree.  This  principle 
is  now  gradually  gaining  recognition  in  vertebrate  pharmacology 
and  physiology,  but  much  of  the  older  work  on  atropin,  nicotin,  pilo- 
carpin,  curare,  and  other  drugs  fails  to  take  into  account  the  relative 
nature  of  the  selective  action. 

The  present  results  throw  no  light  on  the  cause  or  causes  of  these 
differences  in  the  three  heart  tissues  to  the  deleterious  action  of 
drugs.  It  may  be  due  to  difference  in  permeability.  The  heart 
muscle  is  paralyzed  quicker,  for  example,  if  the  solutions  are  intro- 
duced into  the  heart  cavity  than  if  the  collapsed  heart  is  stmply 
immersed  in  the  solutions.  When  the  latter  method  is  employed,  the 
chemicals  must  in  part  pass  through  the  connective  tissue  sheath 
covering  the  surface  of  the  heart  before  reaching  the  heart  muscle. 
But  even  when  introduced  into  the  heart  cavity,  the  drugs  paralyze 
the  nen,'Ous  tissue  before  the  muscle,  so  that,  if  it  is  a  question  of 
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TABLE   I 
Lateol  time  in  effecting  paralyiis  erf  the  limulus  heart  tluues  by  certain  drugt  and 
chemicals.    The  fignru  repi«sent  tbe  averages  of  the  reaulti  on  each  drug. 


No. 
of 

exp. 

Drug 
chemical. 

Ganglion. 

(Automa- 

Nerve  plexus. 
(Excitability 

and 
conduct!  vity.l 

Muscle. 

(Excitability 

and 

Concentnuion 

of  drug 
or  chemical. 

1/1000 

Aconilin 

2 

T 

3.1 

105 

■■ 

2 

1.8 

9.5 

242 

1/1300 

" 

a 

3 

28 

540 

1  2600 

Adrenalin 

4 

112 

1080 

1260 

1/5000 

Alcohol  . 

4 

90 

372 

480 

1/50 

Atropin. 

6 

7 

20 

90 

1/100 

Caffein  , 

4 

20 

,  fio 

900 

1/1000 

Chloroform     . 

2 

1 

3J 

30 

1/1000 

I 

IS 

40 

205 

1/5000 

Cocaine.    .    . 

3 

s 

52 

960 

1/1000 

Cnrare    , 

4 

31 

45 

960 

1/500 

Digitalin 

S 

11 

24 

90 

1/1000 

Ether      . 

4 

IZO 

328 

600 

1/SOO 

Nitotin  . 

4 

9+ 

265 

1140 

1/1000 

Pilocarpin 

s 

41 

265 

327 

I/lOO 

Quinine. 

6 

11 

20 

150 

1/3  sat.  sol. 

Saponin 

3 

31 

39 

210 

1/800 

Strychnin 

5 

170 

340 

780 

1/2000 

Veratrin 

2 

1 

2 

11 

1/500,000 

5 

1 

7 

17 

6/lOHH-lserum 

Calcium  chloride     . 

4 

90 

ISO 

211 

6/10»l  +  lserum 

4 

8.5 

26 

« 

6/10»l  +  lseruDi 

Potawiuni  chloride. 

2 

OS 

12 

180 

6/10«l4-4BeTOm 

Cane  sugar     .    .    . 

6 

27 

60 

129 

Glycerine  .... 

I 

3.S 

10 

8S 

Molecular  sol. 

Urea 

4 

2 

6 

75 

Molecular  tol. 
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permeability,  it  is  the  permeability  of  these  tissues  themselves  rather 
than  that  of  accessory  structures. 

The  three  heart  tissues  in  Ltmulus  exhibit  the  same  relative  resist- 
ance to  other  injurious  influences.  An  excised  heart  kept  in  serum 
or  sea  water  at  io°  C.  to  12°  C.  dies  after  two  or  three  days.  The 
tissues  die  in  the  following  order:  ganglion,  nerve  plexus,  muscle. 
In  one  experiment  the  ganglionic  automatism  ceased  after  thirty- 
two  hours,  the  nerves  failed  to  respond  after  thirty-eight  hours, 
while  the  muscle  responded  for  fifty-four  hours.  This  bears  out  the 
assumption  as  to  th6  rate  of  dying  of  the  vertebrate  heart  tissues 
made  by  Carlson.*  Moreover,  the  anterior,  non-automatic  region 
of  the  Limulus  heart  dies  sooner  than  the  posterior  automatic  region. 
In  this  regard  the  Limulus  heart  presents  the  same  phenomenon  as 
the  vertebrate  heart,  the  ventricle  dying  and  going  into  rigor  sooner 
than  the  auricles  and  the  sinus  venosus  or  the  mouth  of  the  large 
veins." 

The  same  relation  obtains  in  regard  to  the  paralysis  of  the  heart 
tissues  brought  on  by  high  and  low  temperatures.  The  reactions  of 
the  Limulus  heart  tissues  to  temperature  variations  have  been  inves- 
tigated in  detail  by  Carlson.*  The  ganglionic  automatism  is  the  first 
to  cease,  and  the  heart  muscle  fails  to  respond  to  the  stimulaticm  of 
the  nerve  plexus  sooner  than  it  fails  to  respond  to  direct  stimulation. 
There  is,  moreover,  a  segmental  or  regional  difference  in  regard  to 
resistance  to  heat  paralysis,  the  anterior  or  arterial  end  of  the  heart 
being  paralyzed  sooner  or  at  lower  temperature  than  the  posterior 
venous  end  of  the  heart.  It  needs  hardly  be  pointed  out  that  we  have 
here  another  striking  similarity  between  the  Limulus  heart  and  the 
vertebrate  heart,  as  it  is  well  known  that  the  auricles  and  sinus 
venosus  continue  in  activity  at  a  temperature  that  paralyzes  the 
ventricle.^ 

So  far,  then,  distilled  water  appears  to  be  the  only  abnormal  ctm- 
dition  that  effects  paralysis  in  the  heart  muscle  sooner  than  in  the 
motor  nerve  plexus,  as  shown  by  Carlson's  experiments.' 

*  Carlson  :  This  journal,  1907,  xviii,  p.  79. 

'  Carlson  :  Zeitschrift  fur  allgemeine  Physiologic,  1904,  iv,  p.  269. 

*  Carlson  :  This  journal,  1906,  xv,  p.  107. 

^  Stewart:  Joamal  of  physiology,  1892,  xiii,  p.  59. 

*  Carlson  :  This  journal,  1906,  j.'v,  p.  113. 
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III.  Summary. 

1.  Alkaloids,  anaesthetics,  and  cliemicals  in  general  produce  paral- 
ysis of  the  Limulus  heart  tissues  in  the  following  order :  ( i )  gan- 
glion, (2)  motor  nerve  plexus,  (3)  muscle. 

2.  The  selective  action  of  these  drugs  and  chemicals  on  the  three 
heart  tissues  is  one  of  degree  only. 

3.  In  the  reactions  to  heat  and  cold  and  in  dying  the  Limulus  heart 
exhibits  the  same  differentiation  between  the  venous  and  the  aortic 
ends  as  the  heart  of  vertebrates. 
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THE  RELATIVE  HEMOLYTIC  POWER  OF  SERUM 
AND  LYMPH  UNDER  VARYING  CONDITIONS  OF 
LYMPH    FORMATION. 

By  W.  T.  hughes  and  A.  J.  CARLSON. 

{From  the  Hull  Pkyiialagical  Lataratary  of  lit   Unhiersity  ef  CkUago,  ] 

'  I  ""HE  experiments  summarized  in  this  report  were  undertaken 
■*■  with  the  view  of  securing  further  data  on  the  relative  com- 
position of  serum  and  lymph  under  different  conditions  of  lymph 
formation.  It  seemed  possible  that  some  light  may  be  thrbwn  on 
the  processes  of  lymph  formation  and  the  nature  of  the  action  of 
lymphagogues  by  determining  the  relative  concentration  of  the 
hemolysins  in  serum  and  the  lymph  frcsn  different  organs  after 
intravenous  injection  of  the  lymphagogues. 

But  the  question  is  not  a  simple  one,  mainly  because  of  the  fact 
that  we  do  not  yet  know  the  place  of  formation  of  the  various 
hemolysins.  If  they  are  formed  by  the  tissue  cells  in  general,  they 
may  reach  the  blood  in  the  capillaries  by  absorption  from  the  tissue 
lymph,  or  they  may  be  absorbed  by  the  lymphatic  lymph  and  then 
reach  the  blood  through  the  thoracic  duct  and  the  neck  lymphatics. 
If  they  reach  the  blood  by  means  of  the  lymphatics,  they  may  ac- 
cimiulate  there  to  a  greater  extent  than  in  the  lymph,  because  of 
the  resistance  offered  to  their  re-entrance  into  the  lymph  by  the 
capillary   endothelium. 

If  the  hemolysins  are  produced  by  the  leucocytes,  or  by  a  certain 
class  of  leucocytes,  they  must  be  produced  both  in  the  blood  and  in 
the  lymph.  Their  greater  accumulation  in  the  blood  may  then  be 
due  to  their  partial  destruction  in  the  lymph  glands  or  to  the  re- 
sistance offered  by  the  capillary  endothelium  to  their  passage  into 
the  tissue  lymph  and  the  lymph. 

The  difference  in  the  hemolytic  strength  of  the  serum  and  the 
lymph  may  again  be  due  to  percentage  variation  either  of  the  com- 
plement or  the  ambocepter,  or,  indeed,  to  percentage  variations  in 
^36 
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anti-lysins.  Moreover,  the  lymphagogues  may  influence  the  rate 
of  fonnation  of  the  hemolysins,  and  thus  effect  a  difference  in  their 
axicentration  without  any  variation  in  the  possible  interchai^ 
through  capillary  endothelium. 

The  first  question  to  be  determined,  however,  is  whether  lympha- 
gogues such  as  peptone  or  albumoses  tend  to  equalize  the  normal 
difference  in  hemolytic  strength  of  serum  and  lymph.  If  these 
lymphagc^ues  act,  as  Starling  and  others  maintain,  by  injuring  the 
capillary  endothelium  and  thus  increasing  its  permeability  even  to 
the  serum  proteids,  we  should  expect  a  corresponding  filtration  of 
the  lysins  into  the  tissue  lymph  and  the  lymph. 


I,  The  Literature. 

Pagano'  ajqiears  to  have  been  the  first  man  to  investigate  the 
relative  hemolytic  strength  of  serum  and  lymph  of  the  same  anitnal. 
He  made  use  of  the  lysin  for  rabbits'  corpuscles  that  exists  in  the 
normal  serum  of  the  d<^,  finding  that  the  serum  has  a  stronger 
action  than  lymph  from  the  thoracic  duct.  Moreover,  there  is, 
according  to  Pagano,  no  difference  in  the  hemolytic  power  of 
thoracic  lymph  during  fasting  and  during  digestion.  The  first 
point  has  been  confirmed  by  Falloise^  and  by  Batelli.*  Batelli  also 
found  that  the  lymph  from  the  thoracic  duct  has  a  stronger  hemo- 
lytic action  than  the  lymph  irom  the  neck  lymphatics.  The  lytic 
strength  of  dog's  serum  and  lymph  oa  rabbits'  corpuscles  is  given 
by  Batelli  as  11:7.  Batelli  argues  that  since  the  blood  contains 
a  greater  number  of  large  mcmonuclear  leucoqi:es  than  does  the 
lymph,  these  leucocytes  are  the  producers  of  the  lysins. 

The  hemolytic  power  of  pericardial  fluid,  aqueous  humor,  and 
various  patholc^cal  exudates  and  transudates  has  also  been  inves- 
tigated with  reference  to  that  of  the  serum.  According  to  Thioni,* 
the  normal  pericardial  fluid  of  the  ox  contains  ambocepter  but  no 
complement,  and  is  therefore  without  hemolytic  action.  Gatti  ■*  found 
no  hemolysins  in  the  normal  aqueous  humor  of  the  ox. 

Strauss  and  Wolff '  have  attempted  to  correlate  the  hemolytic 

'  Paqano:  Archives  italieonesde  biologic,  1894,  xx,  p.  no. 

'  Falloisb  :  Bulletin  de  acadimie  royale  de  Belgique,  1903,  No.  6. 

*  Batelli  :  Comptes  rendus  de  soci^t^  biotogique,  1904,  Ivi,  p.  199. 

*  Thioni  :  Comptes  rendus  de  soci^t^  biologique,  1903,  Iv,  p.  1592. 
'  Gatti:  Cited  from  Biochemisches  Centr^blatt.  1905,  iv,  p.  678. 

*  Stkauss  and  Wolff  :  Fortschrilte  der  Medizin,  1901,  xx,  p.  1. 


Digitized  by  Google 


238  iV-   T.  Hughes  and  A.  J.  Carlson. 

strength  of  pathological  exudates  and  transudates  with  their  |»'otdn 
content.  Marshall''  found  the  hemolytic  strength  of  ascites  and 
pleurites  fluid  to  be  very  variable.  According  to  this  observer  the 
lytic  action  of  these  fluids  on  the  blood  corpuscles  of  other  animals 
is  stronger  than  that  of  the  serum.  The  relation  appears  to  be  the 
same  when  only  the  complement  content  of  these  fluids  and  the 
serum  is  taken  into  consideration.  Marshall  does  not  seem  to  have 
made  his  comparison  between  these  pathological  fluids  and  the 
serum  from  the  same  patient.  It  is  possible  that  the  hemolytic 
power  of  the  serum  in  pleurites  is  greater  than  normal.  We  have 
no  reason  for  believing,  however,  that  the  relative  hemolytic  strength 
of  normal  serum  and  lymph  in  man  is  different  from  that  in  other 
mammals.  Liidke  ^  reaches  partly  the  same  conclusion  as  Marshall 
regarding  the  hemolytic  power  of  patholc^cal  body  fluids  of  man. 
He  finds  the  hemolytic  strength  very  variable,  and  bearing  no  cc«i- 
stant  relation  to  their  total  protein  content  or  to  the  hemolytic  power 
of  the  serum, 

Ludke  °  has  also  demonstrated  that  the  honolysins  may  pass 
through  even  a  double  set  of  blood  capillaries.  On  immunizing 
pregnant  rabbits  against  ox  corpuscles  the  foetal  blood  exhibited 
lytic  action  on  ox  corpuscles,  but  the  lytic  power  of  the  blood  of  the 
foetus  was  less  than  that  of  the  blood  of  the  mother. 


II.  Methods. 

The  experiments  were  carried  on  under  as  nearly  sterile  condi- 
tions as  possible.  Sterile  instruments  were  used  in  the  operations, 
and  the  fluids  were  drawn  through  sterile  cannulje  into  sterile  ves- 
sels. In  order  to  test  whether  or  not  sterile  conditions  influenced 
the  results,  a  few  experiments  were  carried  on  without  these  pre- 
cautions. The  result  practically  coincided  with  those  carried  on 
in  the  most  careful  manner. 

In  most  cases  the  hemolytic  tests  were  made  cm  the  day  the  fluids 
were  drawn.  In  few  cases  the  fluids  were  carried  over  in  the  ice 
chest  till  the  next  day.  In  order  to  determine  whether  or  not  this 
delay  might  influence  the  results,  a  sample  lymph  was  carried  over 
in  the  ice  chest  for  nine  days,  without  changing  its  hemolytic  power. 

^  Marshall:  Journal  of  experimental  medicine,  190;,  vi.  p.  365. 
'  LCdre:  Centralblatt  fiir  Bakteriologie,  1907,  xliv,  p.  268. 
•  LCdke:  Ibid.,  1904.  xxivii,  p.  288. 
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The  dogs  and  cats  were  operated  cm  under  light  ether  anxsthesia, 
the  horses  under  chioroform. 

A  series  of  five  tubes  for  each  serum  or  IjTnph  were  used  in 
making  the  tests,  and  in  each  case  control  tubes  containing  a  cor- 
puscle suspension  and  physiolc^cal  salt  solution  were  subjected  to 
exactly  the  same  processes  as  the  tubes  containing  the  body  fluids. 

In  the  estimation  of  percentage  of  laking,  the  following  scheme 
was  adopted.  One  unit  or  100  per  cent  laking  consisted  of  the 
hemc^lobin  concentration  of  a  5  per  cent  suspensitHi  of  fresh  rab- 
bits' corpuscles  after  complete  water  laking.  For  lesser  degrees 
of  laking  fractions  of  this  solution  were  diluted  with  water,  making 
90  per  cent,  80  per  cent,  etc.  A  new  standard  of  tints  was  made 
up  for  each  new  sample  of  blood  corpuscle  suspension  used.  The 
rabbits  were  very  lightly  anesthetized  when  the  blood  was  drawn 
for  making  the  suspension. 

The  corpuscle  suspension  and  the  hemolytic  fluids  were  usually 
mixed  in  the  proportion  of  1  to  0.5  and  kept  in  the  thermostat  at 
40°  C,  for  from  thirty  to  sixty  minutes.  The  serum  and  lymphs 
to  be  compared  were  always  carried  through  simultaneously,  so  as 
to  be  subjected  to  exactly  the  same  external  conditions.  In  the 
case  of  the  dc^s  immunized  to  typhoid  bacilli  whose  serum  exhibited 
a  very  strong  laking  action  on  rabbits'  corpuscles  tests  were  also 
made  by  adding  smaller  amounts  of  the  sera  to  the  corpuscle  sus- 
pension, and  readings  made  at  shorter  intervals  than  thirty  minutes. 
But  the  observations  recorded  in  Tables  I  and  II  were  all  made  on 
mixture  of  corpuscle  suspension  and  serum  or  lymph  in  the  pro- 
portion of  I  to  0.5  and  after  thirty  minutes'  action  at  40°  C. 

In  the  case  of  the  lymphagogue  lymph  tests  were  made  on  suc- 
cessive samples  collected  up  till  one  and  one-half  hours  after  the 
injection  of  the  lymphagogues,  so  as  to  be  sure  that  it  was  actual 
lymphagogue  lymph  and  not  simply  the  normal  lymph  formed  prior 
to  injection  and  simply  forced  out  of  the  tissue  by  the  fluid  formed 
after  the  injection. 

III.  Results. 

I.  iTormfti  HTs  and  lymph*.  —  A  considerable  number  of  experi- 
ments were  made  to  determine  the  normal  range  of  variations  in 
the  lytic  acticHi  on  rabbits'  corpuscles  of  normal  serum  and  lymph 
of  horse,  cat,  and  dog.    In  the  case  of  the  horse  the  tests  were  made 
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Thk  Relative  Hbmolvtic  Power  on  Rabbits'  Corpuscles  of  Normal  Sbrum 
and  lvufh  of  horsb,  uog,  and  cat. 


No. 

Percentage  of  Uking  at  rabbits'  corpuscres  In  60  minutes  at  40°  C. 

of 

Animal. 

eip. 

Serum. 

Thoradc 
lyroph. 

Neck 
lymph. 

■•as" 

p^iSfd"^';. 

Lymph  from 
thyrcid  gland. 

1 

Horse 

IS 
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2 

tlors« 

20 

10 

10 

3 

Hoise 

13 

4 

S 

Horse 
Hone 

IS 

25 

4 
5 
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Horse 

20 

5 

7 

Horse 

25 

6 

8 

Horse 

20 

10 

9 

Dog 

60 

20 

10 

Dog 

60 

20 

11 

Dog 

65     1 

22 

12 

Dog 

65 

20 

13 

Dog 
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Dog 
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25 

20 

20 
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70 

20 

16 

Dog 

70 

50 

40 

40 

17 

Dog 

7S 

65 

40 

18 

Dog 

SO 

60 

40 

19 

Dog 

80 

55 

45 

20' 

Dog 

100 

80 

60 

21  > 

•Dog 

100 

80 

60 

.. 

22' 

Dog 

100 

60 

55 

231 

Dog 

100 

95 

70 

24' 

Dog 

100 

65 

ss 

25 

Cal 

75 

50 

45 

26 

Cat 

67 

45 

40 

»  Dog*  20 
boars'  broth 

ulture  of  typhoid  bacilli. 
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on  sera  and  lymphs  collected  in  the  course  of  the  investigation  of 
the  lymph  formation  in  the  salivary  gland  by  Carlson,  Greer,  and 
Becht.  The  data  of  this  first  series  are  summarized  in  Table  I. 
These  data  go  to  show  that: 

( 1 )  The  normal  sera  and  lymph  of  horse,  cat,  and  dog  are  lytic 
for  rabbits'  corpuscles.  ■ 

(2)  This  normal  non-specific  hemolysin  is  more  than  twice  as 
concentrated  in  the  sera  and  lymph  of  dog  and  cat  as  in  those  of 
the  horse. 

■  (3)  The  sera  and  l)Tnph  of  dogs  previously  rendered  immune 
to  typhoid  bacilli  exhibit  a  strcmger  lytic  actiwi  on  rabbits'  cor- 
puscles than  do  the  normal  serum  and  lymph. 

(4)  The  lymph  from  the  neck  lymphatics,  from  the  forelimbs, 
from  the  horse  parotid  gland  before  passing  through  any  lymph 
gland,  and  from  the  dog's  thyroid  also  before  passing  through  any 
lymph  gland,  exhibit  practically  the  same  concentraticxi  of  the 
hemolysin. 

{5)  The  lymph  from  the  thoracic  duct  exhibits  invariably  a 
strot^^r  lytic  action  than  the  lymph  from  the  limbs,  the  head  and 
neck,  the  salivary  glands  and  the  thyroids, 

(6)  The  concentration  of  this  hemolytic  substance  appears,  on 
the  whole,  to  be  subject  to  greater  individual  variations  in  the  sera 
and  lymph  of  the  horse  than  in  those  of  the  cat  and  dog. 

The  greater  lytic  action  of  the  body  fluid  of  dogs  immunized 
against  typhoid  bacilli  was  not  looked  for.  The  lymphs  and  serums 
of  these  animals  were  collected  primarily  for  a  different  purpose. 
This  greater  hemolytic  power  may  be  due  to  a  ntwi-specific  hemo- 
lytic action  of  the  bacterio-lysins,  or  agglutinins,  to  an  increase 
in  the  normal  hemolysin  or  to  the  addition  of  another  non-specific 
hemolysin  as  a  side  product  of  the  processes  of  formation  of  the 
specific  bacterio-lysins  and  precipitins. 

The  four  samples  of  lymph  from  the  parotid  of  the  horse  and 
the  one  sample  from  the  thyroid  of  the  dog  were  collected  prior 
to  passing  through  any  lymph  glands  other  than  those  that  may 
possibly  be  situated  within  these  organs  themselves.  The  fact  that 
these  lymphs  showed  the  same  lytic  power  as  the  common  neck 
lymph  after  having  passed  tfirough  the  retro-pharyngeal  lymph 
glands  is  significant  from  the  point  of  view  of  the  physiology  of 
the  lymph  gland  as  well  as  in  r^ard  to  the  question  of  the  place 
of  formation  of  the  hemolysin.     In  these  cases  the  lysins  could 
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only  have  come  from  glandular  tissues  or  else  been  passed  throi^h 
the  capillary  endothelium  from  the  blood.  If  the  lysins  are  specific 
products  of  leucocytes,  we  should  expect  a  stronger  lytic  action  of 
the  lymph  after  having  sojourned  in  the  large  lymph  gland,  inas- 
much as  there  is  some  evidence  that  the  percentage  of  leucocytes 
in  the  lymph  is  increased  in  the  lymph  nodes. 

2.  LTmphAgfopiia  lymphs.  —  Our  experiments  on  the  lymphagogue 
lymph  could  not  be  carried  to  their  completicm  at  this  time.  Our 
results  on  this  point  should  therefore  be  regarded  as  a  preliminary 
statement  only.  In  all  six  experiments  were  made  with  peptone 
or  albumose  solutions  (10  per  cent)  ;  one  with  extract  of  straw- 
berry ;  four  experiments  with  solutions  of  cane  sugar  ( 10  per  cent)  ; 
and  one  experiment  with  sodium  chloride  (5  per  cent).  The  data 
are  summarized  in  Table  II.  An  examination  of  this  table  shows 
that : 

{ r )  In  the  concentrations  employed  the  cane  sugar,  sodiimi 
chloride,  and  strawberry  extract  produce  no  measurable  change  in 
the  hemolytic  power  of  the  serum.  Our  results  with  peptone  partly 
confirm  the  observatiwis  of  Hewlett  ^^  and  of  Pfeiffer,  tKat  under 
certain  conditions  peptones  diminish  the  hemolytic  power  of  the 
blood.  Hewlett  investigated  the  relative  lytic  action  of  dc^'s  serum 
and  peptone  blood  on  various  foreign  corpuscles,  including  those 
of  the  rabbit.  Peptone  administered  intravenously  in  amounts  up 
to  0.5  gm.  per  kil(^ram  body  weight  have  no  appreciable  effect 
on  the  lytic  action  of  the  dog's  blood  on  rabbits'  corpuscles,  but  in 
greater  amounts  the  hemolytic  power  is  decreased.  Hewlett  did 
not  remove  the  corpuscles  of  the  peptone  blood,  but  the  corpuscles 
probably  have  no  specific  action  in  augmenting  or  retarding  the 
hemolysis  by  the  serum.  Pfeiffer"  extended  Hewlett's  results  to 
the  blood  of  birds  (chicken,  goose).  After  injecticms  of  0,5  gm. 
to  I  gm.  peptone  per  kilogram  body  weight,  varying  degrees  of 
decrease  in  the  lytic  power  of  the  blood  were  noted.  Peptone  has 
no  effect  on  the  hemolysins  of  rabbits'  blood  immunized  against 
foreign  corpuscles. 

In  two  of  our  experiments  (5,  6)  the  peptone  serum  had  a  weaker 
lytic  action  than  the  normal  serum.  In  both  these  cases  the  total 
quantity  of  p^tone  injected  was  0.4  gm.  per  kilogram  body  weight. 

"  Hewlett:  Archiv  fiir  expwTimentelle  Pathologic  und  Pharraakologie,  1903, 
xlix,  p.  307. 

"  Pfeiffer:    Archiv  fiir  experi  men  telle  Patholo^  und  Pharmakologie,  1903, 

ip.  15!. 
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.  In  our  experiments  the  peptone  solutions  were  injected  at  in- 
tervals of  ten  to  twenty  minutes,  the  total  peptone  injected  in 
Nos.  1-4  varying  from  0.15  to  0.3  gm.  per  kilogram  body  weight. 


The  Rblative  Himolvtic  Actio:* 
Rabbits'  Corpuscles  before  an 

GOGUES. 


TABLE   11. 
Dog's  a 


No. 
of 
ejcp. 
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Lympha. 
gogue. 

Percent^c  of  laking  of  rabbits'*  corpuscles  in  30 
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Neck  lymph. 

Normal. 

gogne. 
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The  sample  of  peptone  blood  was  drawn  about  sixty  minutes  after 
the  first  injection.  Peptone  augments  the  flow  of  lymph  from  the 
thoracic  duct,  even  in  dilutions  of  o.  i  per  kilogram  body  weight. 

(2)  There  is  no  change  in  the  hemolytic  power  of  the  neck  lymph 
after  the  injection  of  these  lymphagogues. 

(3)  In  six  out  of  the  ten  cases  —  Nos.  3.  4,  5,  and  6  (peptone), 
No,  8  (cane  sugar),  and  N'o.  10  (sodium  chloride)  — the  thoracic 
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lymph  exhibits  a  stronger  hemolytic  action  after  the  lymphagogue 
injection. 

(4)  In  one  case  out  of  the  ten  the  lymphagt^ue  lymph  from  the 
thoracic  duct  exhibits  a  stronger  hemolytic  action  than  the  normal 
serum. 

{5)  In  two  cases  the  thoracic  lymphagogue  lymph  has  a  strmiger 
lytic  power  than  the  lymphagogue  serum. 

It  has  been  shown  by  Starling  that  the  increased  lymph  flow  from 
the  thoracic  duct  following  the  injection  of  peptone  into  the  blood 
comes  mainly  from  the  liver,  and  that  this  lymph  is  richer  in  pro- 
tein than  the  normal.  Starling's  interpretation  of  the  nature  of 
this  lymphagogue  action  is  that  the  peptone  by  injuring  the  capil- 
lary endothelium  m  the  liver  increases  its  permeability,  and  the 
result  is  an  augmented  filtration  of  a  more  concentrated  liquid 
from  the  blood.  Neither  the  injury  hypothesis  nor  the  stimulation 
hypothesis  suffice  to  explain  the  fact  that  the  peptone .  action  is 
practically  confined  to  one  organ  alone,  namely,  the  liver.  But  the 
observations  of  Timofejewsky  *'  indicate  that  this  increase  in  the 
protein  content  is  not  in  every  case  such  as  would  result  from  an 
augmented  filtration  from  the  blood  through  injured  capillary  walls. 
For  example,  of  the  total  proteins  in  the  serum  and  the  lymph, 
globulin  has  a  higher  percentage  in  the  former  than  in  the  latter. 
Peptone  injection  does  not  alter  this  ratio  of  globulins  to  total 
proteins  in  serum  and  lymph,  although  it  increases  the  total  lymph 
protrin.  Peptone  also  increases  the  percentage  of  the  globulin,  but 
this  is  done  to  the  same  degree  in  the  serum  and  in  the  blood. 

In  all  our  experiments  the  peptone  injections  were  followed  by 
a  greatly  augmented  lymph  flow  from  the  thoracic  duct.  On  Star- 
ling's hypothesis  this  lymphagogue  lymph  should  exhibit  a  stronger 
hemolytic  action  than  the  normal,  because  the  blood  contains  the 
lysin  in  a  greater  concentration,  and  if  peptone  injures  the  capillary 
walls  in  such  a  way  as  to  allow  a  more  rapid  filtration  of  the  serum 
proteids,  the  same  must  be  true,  even  in  a  greater  degree,  for  the 
hemolysins.  In  two  out  of  the  six  experiments  no  increase  was 
obtained,  while  in  Experiments  5  and  6  the  normal  relation  between 
serum  and  thoracic  lymph  was  reversed  by  the  peptone  injection. 
This  fact  goes  to  show  that  we  are  dealing  with  more  complicated 
processes  than  mechanical  filtration. 

The  mechanical  explanation  of  the  mechanism  of  action  of  the 
"  TlMOFEjpwsKY :  Zeitschrift  fiir  Bioli^ie,  1899,  xxxviii,  p.  618. 
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crystalloid  lymphagogiies  is  that  of  increased  capillary  and  there- 
fore filtration  pressure  by  hydremic  plethora.  There  is  no  evidence 
of  injury  to  the  capillary  walls  with  attendant  greater  permeability. 
As  the  hydremic  plethora  is  produced  by  withdrawal  of  water  from 
the  tissues,  the  blood  becomes  necessarily  more  dilute  as  regards 
its  organic  constituents.  In  fact,  the  injection  of  the  crystalloid 
solution  itself  diminishes  the  concentration  of  the  organic  constitu- 
ents in  the  blood.  According  to  the  mechanical  theory,  lymph  fol- 
lowii^  injection  of  the  crystalloid  tymphagogues  must  be  poorer 
than  the  normal  in  organic  constituents.  In  our  experiments  this 
would  be  equivalent  to  a  diminution  of  its  hemolytic  power.  There 
is  no  such  diminutifm,  but,  on  the  contrary,  a  slight  increase  in  the 
lytic  strength  of  the  thoracic  lymph  in  Experiments  8  and  10. 

Both  the  cane  sugar  and  the  sodium  chloride  increase  the  lymph 
flow  from  the  thoracic  and  neck  ducts,  but  this  increase  is  not 
marked  in  the  case  of  the  latter.  Inasmuch  as  these  lymphagc^jues 
do  not  alter  the  concentration  of  the  hemolysin  in  the  blood,  it  is 
obvious  that  an  increased  formation  of  the  hemolysin  or  a  progres- 
sive destructicMi  of  anti-lywns  must  take  place  in  the  tissues  or  the 
lymph  in  order  to  maintain  the  concentration  in  the  lymphagogue 
lymph.  The  mechanism  of  this  co-ordination  requires  further 
investigation. 

In  (Mie  case  (8)  the  thoracic  lymphagc^ue  lymph  exhibits  a 
greater  hemolytic  action  than  the  normal  serum.  In  this  animal, 
however,  the  normal  thoracic  lymph  had  nearly  as  strong  actiwi  as 
the  normal  serum.  In  case  the  lymphagogue  serum  had  shown  less 
hemolytic  power  than  the  normal  serum  this  state  of  things  might 
have  come  about  by  an  inhibition  of  the  lysin  by  the  sugar.  As 
that  is  not  the  case,  we  must  have  an  augmented  rate  of  formation 
of  the  hemolysin  in  the  tissues  in  such  a  way  that  they  reach  the 
thoracic  lymph  stream. 

3.  Othar  body  fluids.  —  In  some  cases  the  normal  pericardial  fluid 
of  the  Aog  has  a  very  slight  hemolytic  action  on  rabbits'  corpuscles. 
Thus,  out  of  twelve  dogs  tested  six  showed  no  hemolytic  action 
whatever,  while  the  remaining  six  had  a  slight  action.  No  exam- 
inations of  the  fluid  for  leucocytes  were  made  in  the  case  of  the 
fluid  giving  positive  results.  All  the  samples  of  the  pericardial 
fluid  were  secured  under  the  same  condition.  There  was  no  con- 
tamination with  serum  or  lymph  in  the  case  of  the  fluids  showing 
hemolysis. 
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The  aqueous  humor  of  the  dog  presents  similar  variations  in  the 
lytic  power  on  rabbits'  corpuscles.  Out  of  thirteen  experiments  eight 
were  entirely  negative,  while  the  remaining  five  gave  positive  re- 
sults. But  the  hemolytic  power  .even  in  these  cases  was  less  than 
I  per  cent  of  that  of  the  neck  lymph. 

Tests  were  made  on  the  cerebro-spinal  fluid  of  fifteen  A(yg&  with 
negative  results  in  each  case.  No  laking  of  rabbits'  corpuscles 
occurs  in  the  normal  cerebro-spinal  fluid  of  the  d^. 

The  work  of  Cavazzani,  Capelletti,  Pettit,  and  Girard,  and  Meek" 
seems  to  show  that  the  cerebro-spinal  fluid  is  formed,  at  least  in 
part,  by  secretory  activity  of  the  epithelial  cells  of  the  choroid  plexus. 
The  quantity  of  the  fluid  is  not  affected  by  lymphagogues,  for  ex- 
ample, while  it  is  increased  by  pilocarpin  and  checked  by  atropiti. 
After  pilocarpin  the  cells  exhibit  the  typical  changes  of  active  gland 
cells. 

These  data  do  not  permit  any  conclusions  regarding  the  place 
of  formation  of  the  hemolysins  or  the  nature  of  the  processes  of 
formation  of  the  pericardial,  the  aqueous,  and  the  cerebro-spinal 
fluid,  at  least  till  we  have  determined  whether  the  negative  results 
are  due  to  the  absence  of  the  lysins  or  the  presence  of  anti-lysins. 

IV.  Summary  and  Conclusions. 

1.  The  concentration  of  the  hemolysins  for  rabbits'  corpuscles 
present  in  the  normal  body  fluids  of  the  dog,  the  cat,  and  the  horse 
exhibit  the  following  descending  series :  serum ;  lymph  from  the 
thoracic  duct;  neck  lymph,  lymph  from  the  limbs,  the  thyroids,  and 
the  salivary  glands ;  pericardial  fluid ;  aqueous  humor.  The  cerebro- 
spinal fluid  does  not  contain  any  of  these  lysins. 

2.  The  large  retro-pharyngeal  lymph  glands  do  not  appear  to 
influence  the  concentration  of  the  hemolysins  in  the  lymph  passing 
through  them. 

3.  Immunization  against  the  typhoid  bacilli  appears  to  increase 
the  hemolytic  power  of  the  serum  and  the  lymph  in  the  dc^. 

4.  The  lymphagogues  do  not  alter  the  hemolytic  power  of  the 
neck  lymph.  Peptone,  hypertonic  cane  sugar,  and  sodium  chloride 
may  increase  the  hemolytic  power  of  the  lymph  from  the  thoracic 
duct.     In  the  case  of  the  peptone  this  augmentation  of  the  lytic 

■■  The  literature  discussed  by  Meek  :  Journal  of  comparative  neurology,  1907, 
xvii,  p.  286. 
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power  of  the  thoracic  lymph  may  take  place  pari  passu  with  a  de- 
crease in  that  of  the  serum,  so  that  the  normal  relations  become 
reversed,  the  thoracic  lymph  having  a  strcmger  lytic  action  than 
the  serum. 

5,  The  mechanical  explanation  of  the  action  of  these  lympha- 
gogues  does  not  suffice  to  account  for  our  results.  Peptone  lymph 
from  the  thoracic  duct  may  exhibit  the  same  lytic  power  as  normal 
lymph,  or  it  may  exhibit  a  stronger  lytic  action  than  the  normal 
lymph,  while  that  of  the  serum  has  at  the  same  time  diminished 
below  that  of  the  normal  lymph.  The  primary  point  of  action  of 
the  peptone  is  probably  the  liver  cells.  The  diminished  lytic  power 
of  the  peptone  serum  may  be  due  to  anti-lysins  produced  in  the 
liver  and  passed  directly  into  the  blood  capillaries  from  the  tissue 
lymph.  On  the  injury  hypothesis  of  the  peptone  action  they  should 
pass  just  as  readily  into  the  lymph  proper. 

6,  There  is  some  evidence  that  these  lymphagogues  may  aug- 
ment the  rate  of  production  of  these  hemolysins,  but  this  phase  of 
the  questicm  requires  further  study. 
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THE  COMPRESSIBILITIES  OF  GELATINE  SOLUTIONS 
AND  OF  MUSCLE. 

By  LAWRENCE  J.  HENDERSON  and  F.  N.  BRINK. 
[Frtm  tin  Chtmieal  Laicratery  »/  Harvard  C^Ugt\ 

/COMPRESSIBILITY  is  a  property  which,  so  far  as  we  can 
^—^  discover,  has  never  been  quantitatively  studied,  either  in  pro- 
toplasm or  in  colloidal  solutions.  Apart  from  the  desirability 
of  recording  all  possible  physical  properties  of  protc^lasm,  the  de- 
termination of  its  compressibility,  as  well  as  the  determination  of 
the  compressibility  of  colloidal  solutions,  is  not  without  interest, 
because  it  is  directly  important  in  the  understanding  of  the  nature 
of  colloids  and  of  protoplasm.  Accordingly  we  have  been  glad  to 
avail  oursdves  of  the  opportunity  kindly  presented  to  us  by  Pro- 
fessor T.  W.  Richards  of  determining  this  property  for  gelatine 
soluticms  and  for  perfectly  fresh  rabbit's  muscle  with  the  aid  of 
the  compression  apparatus  now  in  use  in  the  Chemical  Laboratory 
of  Harvard  College.' 

The  GompreMion  appftmtoB.  —  The  compression  was  carried  on 
by  means  of  a  Cailletet  compression  pump  of  lever-and-screw  type, 
filled  with  oil  and  communicating  through  a  stout  ct^per  tube  with 
a  heavy  steel  barrel  of  suitable  size  to  contain  the  compression 
jacket;  upon  the  steel  barrel  there  fitted  a  steel  screw  cap.  Cc«i- 
nected  with  the  apparatus  was  a  hydraulic  gauge  for  registering 
the  pressure  in  kilograms  per  square  centimetre. 

The  glass  jacket  (Fig.  i),  containing  gelatine  solution,  or  muscle 
suspended  in  normal  saline  solution,  was  suspended  in  oil  and 
mercury  within  the  steel  barrel,  hanging  down  from  the  screw  cap. 

I  For  a  detailed  description  of  this  apparatus,  see  Richards,  Stull,  Brink, 
and  Bonnet,  The  compressibility  of  the  elements  and  their  periodic  relations, 
Carnegie  Institution  of  Washington,  Publication  No.  76,  May,  1907,  p.  9;  also 
Zeitschrift  fiir  physikalische  Chemie,  (907,  Ixi,  pp.  77,  100,  171,  183.  We  wish  to 
express  our  thanks  to  the  Carnegie  Institution  of  Washington  for  the  ase  of  the 
apparatus. 
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The  whole  of  the  barrel  below  the  screw  cap  was  immersed  in  the 
water  of  a  thermostat,  thereby  keeping  the  temperature  constant 
within  three  one-thousandths  of  a  degree. 

Method.  —  In  carrying  out  the  determinations  the  procedure  de- 
scribed in  Richards's  papers "  was  closely  followed,  the  glass  jacket 
being  filled  with  the  substance  to  be  compressed,  gelatine  solution, 
or  muscle  suspended  in  normal  saline  solution,  and  the  capillary 
U  tube  filled  with  mercury  in  such  amount  that  upon  exerting  a 
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Figure  2.  —  The  ordinales  show  compreui- 
bilily  X  10"*.  The  abscissas  show  pres- 
sure in  megaliara.  Curve  I.  compressibility 
0fa2  per  cent  gelatine  solulion.  Curve 
II,  compressibility  of  10  per  cent  gelatine 
solution.  Curve  III,  compressibility  of 
rabbit's  muscle. 


pressure  of  from  50  to  100  atmospheres  the  electrical  contact  be- 
tween the  platinum  point  and  the  mercury  was  broken.  There- 
after small  weighed  quantities  of  mercury  were  added  to  that 
already  in  the  apparatus,  and  after  each  addition  the  pressure  at 
which  the  electrical  contact  broke  was  noted ;  finally  a  part  of  the 
mercury  was  removed,  and  a  reading  near  the  original  one  was 
obtained.  From  the  data  thus  found  curves  were  plotted  with 
pressures  as  abscissas  and  weights  of  mercury  added  as  ordinates. 
Together  with  these  curves  was  plotted  a  cur\-e  obtained  in  pre- 
cisely the  same  way  when  the  whole  jacket  was  filled  with  mer- 
cury. From  these  curves  the  compressibilities  were  calculated 
according  to  the  formula  ' 

*  Richards  :  Loc.  cit. 

*  The  formula  in  the  case  of  muscle  is  a  little  more  complicated  as  a  result  of 
the  presence  of  normal  saline  solution,  for  the  compressibility  of  which  correction 
has  to  be  applied.  For  a  full  discussion  of  the  calculation,  consult  Richards  : 
Loc.  cit.,  pp.  31,  36,  and  59. 
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where  M  represents  the  difference  between  the  weight  of  mercury 
on  the  gelatine  curve  and  the  weight  of  mercury  on  the  mercury 
curve  for  the  interval  of  pressure,  P,  S  being  the  specific  gravity 
of  the  gelatine  solution,  IV  the  weight  of  the  gelatine  used;  13.55 
being  the  specific  gravity  of  mercury,  X  the  compressibility  of 
mercury  for  the  interval  expressed  by  P,  and  ff  the  desired  average 
cconpressibility,  that  is  to  say,  the  average  change  of  volume  caused 
by  I  kil(^am  per  square  centimetre  pressure  within  the  range  of 
pressure  expressed  by  P.  For  further  details  regarding  tlie  method, 
see  the  publication  above  referred  to.  All  the  determinations  in 
this  paper  were  carried  out  under  precisely  the  same  conditions 
and  in  precisely  the  same  way  as  were  the  compressibilities  deter- 
mined by  Mie  of  us  (B.),  of  solids  suspended  in  water. 

Compressibility  of  a  10  per  cent  gelatine  solution.  —  Weight  of 
gelatine  solution  =  10.083  gwi-  Specific  gravity  of  solution  = 
1.03. 


Obssrved  Values 

Hg  added. 

Preu 

«  Kg/cm* 

0.000 

59 

0.339 

103 

0.760 

307 

1.318 

324 

1.884 

441 

a.3o8 

5>S 

o.ais 

100 

The  following  table  i: 


taken  directly  from  the  plotted  t 
Deduced  Values. 


500 
ioo-so( 


1.683  I 
3.140' 


0.490 
0.463 


With  the  aid  of  the  equation 


0.491 
0.466 
o-439 
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the  calculations  are  carried  out  as  follows : 
100-200  Kg/cm* 

+  ,0000037s  ^  0.000041 


+  0.00000369  =  0.000037 


0.491 

X 

1.03 

■3-S5  X  ■ 

00 

X  10 

08 

200-300 

Kg/c 

0.466 

X 

»-o.3 

13.5s  ^  I 

oox  10 

08 

300-400 

Kg/i 

0.439 

X 

■03 

■3.SS  X  > 

00 

X  10 

08 

400-500 

Kg/c 

0.433 

X 

..03 

'3.SS  X  1 

00 

X   10 

08 

100-500  Kg/cm* 

,.8.9 

X 

1.03 

I3-5S  X  400  X  I 


+  0.00000364  =  0.000036 


+  0.0000037  = 


Compressibility  of  a  0.2  per  cent  gelatine  solution.  —  The  specific 
gravity  of  this  solution  must  be  very  near  i.oo;  it  cannot  be  less 
than  I  nor  greater  than  1.03,  hence  its  determination  was  not 
necessary.     Weight  of  gelatine  solution  =  9.786  gm. 


Observed  Values. 

Hg  added.                                 F 

0.000 

0.419 
1.036 
1. 610 

2.065 

2-SSo 

0-4S7 

Deduced  Values. 

rt^sorc. 

Hg                               I 
Weight.              Differ«nc«.         Hg 

300 
400 
500 

°"~l  .  .  .  0.540 
°"°   .  .  .  0.  ,3 

■"53      ,  .   .   ^„, 

ixi  ■  ■  ■  -'^ 

0.5.6 

0.489 
0.468 

0-459 
1.932 
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The  compressibilities  calculated  from  these  values  are  as  follows : 

Pressure  interval.  Compressibility. 

100-100 0.000043 

300-300 0.000041 

'    300-400 0.000039 

400-500     a0OO038 

100-500 0.000040 

The  behavior  of  muscle  under  pressure.  —  A  rabbit  was  killed 
by  bleeding,  and  four  small  muscles  were  carefully  removed  from 
the  forelegs,  taking  pains  to  preserve  them  intact  and  free  them 
frwn  other  material  so  far  as  mi^t  be.  These  muscles  were  then 
introduced  into  the  compression  apparatus,  the  interstices  were 
filled  with  normal  saline  solution,  and  the  compressibility  of  the 
system  was  determined.  The  ccmipressibility  of  the  saline  solution 
and  its  specific  gravity  were  assumed  to  be  equal  to  the  compres- 
sibility and  specific  gravity  of  water,  an  assumption  which  cannot 
affect  the  significant  figures  in  the  result.  Any  gas  which  may 
have  been  present  must  have  been  forced  into  solution  long  before 
the  first  reading  was  taken. 

Specific  gravity  of  muscle  =  1.06.*  Weight  of  muscle  = 
8.64  gm.     Weight  of  salt  solution  =^  1.72. 

Observed  Values. 
Hg  added.  Pressure, 


0.000 

0.564 

BO 

I. 122 

320 

1.707 

450 

S«8 

0.228 

Deduced  Values. 

Weiglit.             Difference. 

II 

i-tr 

Hg 

correction. 

M. 

°f\\  .  .  .  0.470 

0.034 
0.024 

0.471 
0.446 

'■"^5  J  .  .  .  0.445 

0.014 

0.416 

0.024 

0.431 

-500         ....  1.860  0.096  1. 

*  Hermann  :  Handbuch  der  Physiolc^e,  i,  part  I,  p.  13. 
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From  these  values  the  following  compressibilities  are  calculated: 

Pressure  interval.  CoaipreMibilit;. 

■OO-30O     0.000038 

300-300 0.000036 

300-400 0,000034 

400-500 0.000034 

100-500     0.0000355 

Duplication  of  the  experiments  was  not  considered  necessary, 
for  in  carrying  out  the  determinations  the  addition  of  successive 
small  amounts  of  mercury,  followed  by  the  removal  of  an  amount 
approximately  equal  to  all  the  mercury  which  had  been  added, 
amounts  to  a  multiple  reduplication  of  the  work." 

The  outcome  of  these  experiments  may  be  represented  by  the 
following  table: 

Average  compressLhility  (>.£.,  average 
t;„}«i.n^^  change  of  volume  caused  by  1  mu- 

Sutalance.  abar' p'"sure)  between  100  anT 

500  megabars  X  10*. 

Muscle 36 

Ten  per  cent  gelatine  solution 39 

Two-tenths  per  cent  gelatine  solution     ....     41 

The  results  are  graphically  represented  on  the  accompanying 
diagram. 

For  comparison  the  following  compressibilities,  determined  in 
this  laboratory,  are  cited: 

Substance.  Average  compressibility. 

Water       ;     ...    42. 

Silicon 0.16 

Copper 0.54 

Mercury' 3,71 

Potassium 31.5 

Above  50  megabars'  (atmospheres)  pressure  the  compressibilities 
of  gelatine  solutions  and  muscle  vary  in  a  regular  manner,  very 
much  as  the  compressibilities  of  simple  liquids  and  solids  vary. 

*  Richards  ;  Loc.  eit-,  p.  6z. 

•  One  megabar  is  the  pressure  of  i  megadyne  per  square  centimetre;  it 
equals  0.9S7  atmosphere.  Calculated  for  kilograms  per  square  centimetre  pres- 
sure, these  values  are  35,  38,  and  40,  respectively,  for  atmospheres  37,  39,  and  41, 
respectively. 

'  Standard. 
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Moreover  the  compressibilities  of  these  colloidal  systems  are  prob- 
ably of  the  same  magnitude  as  the  compressibilities  of  simple 
aqueous  solutions  of  like  concentration;  indeed  the  compressibility 
of  the  more  dilute  gelatine  solution  is  nearly  equal  to  that  of 
water. 

The  results  of  these  experiments  indicate  that  colloidal  solutions 
and  protoplasm  are  probably  just  as  closely  packed  aggregates  as 
are  simple  solutions.  A  further  interpretation  of  the  results  in 
terms  of  the  current  theories  of  colloids  seems  unprofitable  be- 
cause those  theories  are  not  yet  precise. 

The  present  investigation  offers  no  evidence  regarding  the  com- 
pressibility of  the  substances  employed  for  pressures  below  about 
SO  megabars.  It  is,  of  course,  probable  that  the  compressibilities 
do  not  vary  greatly  between  i  and  50  megabars ;  at  present,  how- 
ever, that  cannot  be  said  with  absolute  certainty. 

It  is  a  pleasure  to  record  our  indebtedness  to  the  Elizabeth 
Thompson  Science  Fund  for  aid  in  this  investigation. 

Summary. 

The  compressibilities  of  gelatine  soluticHis  and  of  muscle  have 
been  accurately  measured.  They  are  found  to  be  somewhat  less 
than  the  c<Hnpressibility  of  water,  and  are  lower  the  more  coti- 
centrated  the  solution.  With  change  in  pressure  they  vary  in  much 
the  same  way  that  the  compressibilities  of  simple  substances  vary. 
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THE  SENSORY  NERVES  OF  THE  HEART  AND  BLOOD 
VESSELS  AS  A  FACTOR  IN  DETERMINING  THE 
ACTION    OF    DRUGS. 

By   D.   E.  JACKSON   and  S.   A.    MATTHEWS. 

[Fmni  tit  Laieratcruj  ef  Biathemittty,  PhanKacsiBgy,  and  Experimetital   Theraftutici 
cf  the  Unwern/y  ef  Ciitago.] 

TT  has  long  been  known  that  one  of  the  earlier  symptoms  of  aconite 
■*■  poisoning  in  mammals  consists  in  a  well-deftned  retardation  of 
the  pulse  rate.  This  is  usually  accompanied  by  a  marked  and  per- 
sistent fall  in  the  blood  pressure.  Achscharumow  *  early  attributed 
the  slowing  of  the  heart  to  a  direct  stimulation  of  the  inhibitory 
centre  in  the  medullaHablongata.  In  recent  years  practically  all 
investigators  have  ascribed  the  fall  in  binod  pressure  to  the  accom- 
panying retardation  of  the  cardiac  rhythm.  (This,  of  course,  refers 
only  to  the  earlier  action  of  the  drug,  and  not  to  the  later  stages  in 
which  the  heart  beat  finally  becomes  very  rapid  and  at  last  extremely 
irregular.) 

These  factors  are  undoubtedly  sufficient  to  account  for  a  very 
considerable  decrease  in  the  general  arterial  tension.  But,  as  has 
been  pointed  out  by  Mathews,'  the  primary  fall  in  pressure  often 
seems  to  be  much  greater  than  could  be  expected  from  the  cardiac 
slowing  present  in  the  given  case.  This  condition  is  often  especially 
well  marked  in  cats. 

That  the  vaso-motor  centre  is  not  appreciably  affected  early  in  the 
stage  of  decreased  pressure  is  well  shown  by  the  fact  that  it  can  be 
readily  excited  reflexly  by  electrical  stimulation  of  a  sensory  nerve. 
It  has  also  been  demonstrated  that  the  peripheral  endings  of  the 
vaso-ccmstrlctors  (splanchnics)  are  still  fully  capable  of  carrying 
out  their  normal  function  at  a  very  late  stage  of  the  intoxication.' 

'  AcKSCHARUMOW  :  Aichiv  ftir  Anatomie  und  Physiologie,  1866. 
■  Professor  A.  P.  Mathews:  Uopublishedobaervation,  1907. 
*  Cash  and  Dunstan  :   Philosophical  transactions  of  the   Royal  Society  of 
London,  Series  B.,  1898,  cxc,  p.  258. 
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It  is  also  evident  that  the  vessel  walls  themselves  cannot  be  notice- 
ably weakened  during  the  earlier  stages  of  the  poisoning.  That  the 
heart  is  not  depressed  is  shown  by  the  fact  that  in  dogs,  e.  g.,  section 
of  the  vagi  or  atropin  at  once  restores  X)m  normal  beat. 

One  of  the  earliest  and  most  characteristic  actions  of  aconitine  is 
a  marked  and  extensive  stimulation  of  peripheral  sensory  nerve 
endings.  In  consideration  of  these  facts  it  was  suggested  *  that 
aconitine  might  indirectly  (through  the  inhibitory  and  vaso-dilator 
centres)  effect  a  fall  in  blood  pressure  by  stimulation  of  the  cardiac 
endings  of  the  depressor  nerve.  The  following  experiments  were 
undertaken  with  the  view  of  demonstrating  whether  or  not  such 
action  occurs. 

Unfortunately,  of  the  animals  usually  available  for  experimenta- 
tion, the  rabbit  is  the  only  one  in  which  it  is  possible  to  isolate  the 
depressor  nerves.  We  have  accordingly  done  most  work  upon  these. 
The  rabbits  were  given  urethane  and  ether,  or  ether  alone,  and  pre- 
pared in  the  usual  manner  for  taking  blood-pressure  tracings.  The 
depressor  nerves  (usually  vagi  and  sympathetic  also)  were  isolated, 
and  arranged  for  immediate  section  at  any  time  desired. 

Aconitine  (1/40  per  cent)  was  then  very  cautiously  injected  intra- 
venously, the  blood  pressure  meanwhile  being  very  carefully  ob- 
served. A  small  injection  {e.  g.,  J4  to  J^  cc)  was  usually  sufficient 
to  induce  a  noticeable  fall  in  pressure.  The  drug  was  then  slowly 
administered  until  the  vagus  action  became  very  strong.  The  de- 
pressor nerves  were  then  cut.  The  result  was  usually  a  very  percep- 
tible rise  in  blood  pressure.  It  was  also  observed,  in  some  instances, 
that  when  the  blood  pressure  had  becwne  irregular  before  the  de- 
pressors were  cut,  then  section  of  these  fibres  caused  the  arterial 
tension  to  become  perfectly  regular  again.  The  slowing  of  the  heart 
due  to  central  vagus  stimulation  was  not,  however,  appreciably 
affected.  Unfortunately,  rabbits  were  rather  unsatisfactory  subjects 
for  such  experiments,  owing  to  the  fact  that  in  these  animals  stimu- 
lation of  the  depressor  nerves  causes  but  little  reflex  vagus  slowing 
of  the  heart.  The  respiratory  effeSts  of  the  aconite  also  come  on 
very  early,  and  in  many  -instances  it  was  impossible  to  .follow  the 
action  of  the  drug.  Aside  from  these  difficulties,  however,  it  seemed 
quite  evident  that  in  most  cases,  at  least,  section  of  the  depressors 
favored  the  recovery  of  the  animal,  as  larger  doses  were  then 
required  to  produce  death. 

*  Professor  A.  P.  Mathews:  Unpublished,  1907. 
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It  has  been  repeatedly  observed  that  section  of  the  vagi  may 
recover  an  animal  from  a  dose  of  aconite  which  would  otherwise 
prove  fatal.  The  result  in  these  cases  is  an  immediate  acceleration 
of  the  heart  and  a  rise  in  blood  pressure.  Most  of  these  experiments 
have  undoubtedly  been  performed  upon  cats  and  dogs,  in  which 
animals  the  depressor  fibres  are  included  in  the  vagus  trunks.  In 
these  cases,  of  course,  it  is  difficult  to  say  how  much,  or  if  any,  of 
the  fall  in  pressure  and  slowing  of  the  heart  ordinarily  produced  is 
due  to  stimulation  of  the  depressor  endings,  for  the  rise  in  pressure 
in  an  animal  whose  vagus  nerves  have  been  sectioned  before  the 
aconite  was  administered  would  seem  to  indicate  a  direct  stimula-  * 
tion  of  the  vaso-constrictor  centre,  although  it  might,  of  course,  be 
due  to  reflex  excitation  of  other  vaso-sensory  endings  than  those  of 
the  heart. 

The  peculiar  action  of  ac<Miite  on  the  blood  pressure  in  some  in- 
stances has,  indeed,  led  us  to  believe  that  it  may  also  possibly  bring 
into  action  sc»ne  other  form  of  reflex  vaso-constriction  by  stimula- 
tion of  some  afferent  endings  in  the  lumen  of  the  vessels  themselves. 
We  have  repeatedly  observed  evidences  in  this  direction  in  the  case 
of  other  irritant  substances  also;  e.g.,  if  a  fairly  strong  solution 
of  alcohol,  digitalis,  etc.,  is  injected  into  the  femoral  vein,  there  is 
often  observed  a  small  immediate  rise  in  pressure,  followed  at  an 
interval  by  the  general  action  of  the  drug.  In  many  cases  this  rise 
appears  rather  too  soon  for  the  drug  to  have  reached  the  medullary 
centres,  and  it  seems  improbable  that  a  direct  action  on  the  muscu- 
lature of  the  heart  or  vessels  should  account  for  all  cases.  That  it 
is  not  due  to  a  sudden  increase  in  the  volume  of  the  vascular  con- 
tents is  apparently  disproved  by  the  facts  that  it  may  often  be  ob- 
tained by  extremely  small  injections,  and  also  that  with  many  drugs 
no  rise  is  produced.  We  have  also  often  seen  a  slight  rise  in  pressure 
produced  by  electrical  stimulation  of  a  carefully  isolated  portion  of 
the  jugular  vein  (in  rabbits).  The  difficulty,  however,  of  making 
exact  and  entirely  satisfactory  experimental  observations  in  this 
direction  is  perfectly  obvious. 

It  was  observed  by  Brunton  and  Cash,"  and  later  verified  by  Cash 
and  Dunstan,^  that  if  an  animal  be  placed  in  an  atmosphere  warmer 
than  its  normal  body  temperature  and  then  be  given  aconite,  its  tem- 
perature will  rise  more  rapidly  than  normally.     And  further,  if 

*  Brunton  and  Cash  :  St.  Bartholomew  Hospital  reports,  18S6,  xxii,  p.  271. 

*  Cash  and  Dunstah  :  Lot.  cU.  p.  264. 
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the  animal  be  placed  in  a  cold  bath,  its  temperature  will  fall  more 
rapidly  than  in  a  normal  animal.  Circulatory  disturbances,  espe- 
cially dilatation  of  the  cutaneous  vessels,  are  perhaps  sufficient  to 
account  for  these  observations.  The  abnormal  therraometric  varia- 
tions have,  however,  been  attributed  to  a  direct  action  of  the  aconite 
upon  the  central  heat-reg^ilating  mechanism.  At  ordinary  room 
temperatures  the  temperature  of  an  animal  treated  with  a  moderate 
dose  of  aconite  will  at  first  rise  a  little  above  the  normal,  and  later 
fall  to  slightly  below  the  normal.  The  strong  primary  stimulation 
and  later  paralysis  of  the  peripheral  sensory  endings  have  suggested 
to  us  the  possibility  that  the  regulation  of  the  general  temperature 
may  in  some  measure  be  reflexly  influenced  by  the  action  of  the  drug 
upon  the  peripheral  endings  of  those  nerves  which  ordinarily  report 
sensations  of  heat  and  cold.^  In  this  connection  may  be  mentioned 
the  chilly  sensation  *  which  in  aconite  poisoning  occurs  before  either 
the  general  temperature  or  the  cutaneous  circulation  have  been  mate- 
rially affected,  but  at  a  time  when  the  drug  has  certainly  acted  upon 
a  number  of  peripheral  sensory  endings.  Again,  exact  experimental 
observations  are  not  readily  obtained.  The  importance  which  an 
action  of  this  kind  may  have  in  other  relations  has  led  us  to  believe 
that  the  su^estion  may  be  worth  recording. 

The  foregoing  observations  on  the  action  of  the  depressor  in 
aconite  poisoning  show  clearly  the  importance  of  sensory  neiTe  ter- 
minations in  the  heart  and  blood  vessels  in  determining  the  action  of 
drugs.    Further  work  in  this  direction  is  being  carried  on. 

In  closing  we  wish  to  thank  Professor  A.  P.  Mathews  for  sug- 
gesting the  line  of  work  taken  up  in  this  paper. 

*  TiCRRSTEDT :  Text-book  of  human  phy»ology,  1906,  p.  40S. 
'  SoLLMANN  :  Text-book  of  pharmacology,  1906,  p.  318. 


Digitized  by  Google 


ON  A  SERIES  OF  FEEDING  AND  INJECTION  EXPERI- 
MENTS FOLLOWING  THE  ESTABLISHMENT  OF 
THE  ECK    FISTULA  IN   DOGS. 

By  p.  B.  hawk. 

[from  Hu  LahcratDry  ef  Phytiaiegical  ChimitDy  of  the  Difartmtnt  ef  MedUini  of  the 

UniviTsily  ef  Pinnsylvania^ 

CONTENTS, 

I.   IntTCtduclion 260 

II.   Description       262 

III.   Experimental  data 263 

1.  Experiment  I 263 

(u)  Operation  and  prelimiaary  feeding 263 

(£)  Toxic  symptomt 261 

{()  Meat-free  diet 267 

(</}  Post-mortem  «x>niinalion 267 

2.  Experiment  II 268 

(a)  Operation  and  preliminary  feeding 268 

{b)  Feeding  of  Liebig's  extract H^ 

(r)  Toxic  symptoms 269 

(</)  Post-mortem  examination 270 

3.  Experiment  III 270 

(a)  Operation  and  preliminary  feeding 270 

(4)  Injection  of  sodium  carbamate  and  feeding  of  I  jebig's  extract  and 

sodium  carbamate 270 

\c)  Meat-free  diet  plus  Lieb^'a  extract 271 

(d)  Meal  diet  plus  Liebig's  extract ^72 

(/)  Post-mortem  examination 273 

4.  Experiment  IV 273 

(a)  Operation  and  preliminary  feeding 273 

(*)  Meat  diet 274 

(c)  Post-mortem  examination 274 

5.  Experiment  V 27S 

{n)  Operation  and  feeding  lests 275 

(*)  Post-mortem  examination 276 

6.  Experiment  VI 276 

(a)  Operation  and  preliminary  feeding 276 

(*)  Meat  diet 276 

(f)  Explonlory  operation 276 

W)  Meat 


(e\  Post-mortem 


\    *S9 


Digitized  by  Google 


26o  P.  B.  Hawk. 

IV.   Control  experimental  on  normal  dogs 277 

1.  Injection  of  sodium  carbamate 277 

%.  Feeding  of  sodium  carbamate 278 

3.  Injection  of  Ijebig's  extract 278 

A.  Feeding  of  Liebig's  extract 280 

V.   Conclusions 280 

I.  Introduction. 

''  I  ""HE  origin  of  the  Eck  fistula  dates  frtmi  1877,  in  which  year 
-*■  the  first  fistula  of  this  character  was  established  by  von  Eck.* 
Five  years  later  Stolnikow  '  repeated  Eck's  operation  with  satis- 
factory results.  Both  of  these  investigators  used  dogs  as  subjects, 
but  neither  of  them  made  any  reliable  metabolism  experiments 
with  the  animals  operated  upon.  Several  years  later,  however. 
Hahn,  Massen,  Nencki,  and  Pawlow'  published  data  from  an 
elaborate  series  of  investig;ations  upon  Eck-fistula  dogs.  In  this 
series  of  studies  Pawlow  and  Massen  established  the  fistulas  in 
dogs  which  were  subsequently  subjected  to  metabolism  studies  by 
Nencki  and  Hahn.  One  of  the  most  striking  things  observed  by 
Pawlow  and  his  associates  in  connection  with  this  elaborate  series 
of  tests  was  the  fact  that  the  ingestion  of  meat  by  a  dog  on  which 
Eck's  operation  had  been  performed  was  followed  sooner  or  later 
by  a  series  of  toxic  symptc«ns  in  the  course  of  which  the  animals 
became  anaesthetic,  ataxic,  and  cataleptic,  and  suffered  the  loss  of 
sight  and  hearing.  Generally  the  symptoms  terminated  fatally, 
but  occasionally  the  animal  recovered.  The  post-mortem  exami- 
nation of  such  animals  as  exhibited  no  such  symptoms  as  those 
described  above  indicated  that  the  fistula  opening  was  exceedingly 
small  and  that  a  collateral  circulation  had  been  established.  The 
chemical  examination  of  the  urine  of  such  dogs  as  showed  the  toxic 
symptoms  generally  indicated  a  relative  decrease  in  the  output  of 
urea  and  a  relative  increase  in  the  content  of  uric  acid  and  am- 
monia. Such  urines  further  contained  carbamic  acid,  this  sub- 
stance being  present  in  greatest  amount  in  the  urine  voided  during 
or  immediately  following  the  occurrence  of  the  toxic  symptoms. 
These  investigators  later  injected  sodium  carbamate  into  normal 
dogs  and  obtained  symptoms  similar  to  those  produced  in  the  Eck- 

'  Eck  :   Militar-medicinischer  Journal,  1877,  cxxxii. 

'  Stolnikow  :  Archiv  fiir  die  gesammle  Phyaiologie,  1882,  xxviii,  p.  255. 
*  Hahn,  Massen,  .  Nencki,  and   Pawlow:  Archiv  £ur  experimentelle  Pa- 
thologic und  Pharmacologie,  1S93,  xxxii,  p.  161. 
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fistula  animals  after  meat  feeding.  The  feeding  of  the  carbamate 
to  Eck-fistula  dt^s  was  also  followed  by  the  customary  toxic 
symptcwis.  From  these  data  the  mvestigators  formulated  the  theory 
that  the  toxic  symptoms  observed  in  the  Eck-fistula  animals  after 
meat  feeding  were  due  to  the  influence  of  the  carbamic  acid. 

Later  Nencki,  Pawlow,  and  Zaieski  *  conducted  a  series  of  in- 
vestigations, as  the  result  of  which  they  proposed  the  theory  that 
the  toxic  symptoms  observed  were  due  to  ammonia  poisoning  and 
not  to  carbamic  acid  poiscming.  These  experiments  were  followed 
by  still  other  experiments  by  Nencki  and  Pawlow "  in  which  the 
establishment  of  the  Eck  fistula  was  accompanied  by  the  removal 
of  a  large  part  of  the  liver  in  some  instances  and  in  others  by  the 
ligation  of  the  hepatic  artery.  They  concluded  from  these  experi- 
ments that  the  ammonia  intoxication  was  not  sufficient  to  have 
caused  the  toxic  symptons  observed.  The  animals  invariably  died 
a  few  hours  after  the  operation. 

Others  who  have  made  important  contributions  to  the  Eck-fistula 
literature  are  Lieblein,"  Salaskin,^  Rothberger  and  Winterberg," 
and  Macleod."  Lieblein  destroyed  the  liver  cells  by  injecting  acid 
into  the  hepatic  ducts,  after  which  the  animals  exhibited  symptoms 
similar  to  those  observed  after  the  extirpation  of  the  liver.  These 
symptoms  were  probably  not  due  to  ammonia  intoxication  under 
these  conditions.  Salaskin,  as  a  result  of  his  investigations  on  Eck- 
fistula  dogs,  came  to  the  conclusimi  that  ammonia  was  the  prime 
factor  in  causing  the  nervous  disturbances  observed.  Rothberger 
and  Winterberg,  from  a  series  of  experiments  made  on  a  large 
number  of  dogs,  presented  the  theory  that  the  toxic  symptoms  were 
due  to  the  presence  of  some  toxic  substance  which  the  Hver  nor- 
mally destroys;  they  did  not  believe  carbamic  acid  to  be  the  cause 
of  the  trouble.    Macleod  in  his  investigations  confirmed  in  general 

*  Nencki,  Pawlow,  and  Zaleski  :  Archiv  fiir  experi  men  telle  Pathologic  und 
Pharmacologie,  1896,  xxxvii,  p.  z6. 

*  Nrncki  and  Pawlow:  Archiv  ftir  experi mentelle  Pathologie  und  Pharma- 
cotogie,  1897,  xxxviii,  p.  215-  .  ■  -' 

*  Lieblein:  Archiv  fiir  experimentelle  Paihologie  and  Pharmacologic,  1894, 
Kxxiii,  p.  318. 

'  Salaskin  :  Zeitschrift  fur  phyaiologische  Chemie,  1898,  xxv,  p.  449.    ' 
■  Rothberger  and  Winterberg  :  Zeitschrift  fiir  experi mentelte  Pathologie 
uod  Therapie,  1905,  i,  pp.  312-359. 

*  Macleod  :  Studies  in  pathology,  written  by  Alumni  to  celebrate  the  Quater-' 
centenary  of  the  University  of  Aberdeen,  Aberdeen,  1906,  p.  267. 
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the  findings  of  Hahn,  Massen,  Nencki,  and  Pawlow,  but  is  appar- 
flnlly  not  inclined  to  accept  the  theory  that  carbamic  acid  is  the 
origin  of  the  toxic  symptoms.  In  his  chemical  examination  of 
the  urine  nothing  abnormal  was  noted  except  the  presence  of  a 
large  amount  of  albumin  in  the  urine  of  an  Eck-fistula  dog  on 
the  day  following  the  addition  of  meat  extract  to  the  diet.  This 
investigator  emphasizes  the  belief  that,  in  order  to  obtain  the  most 
reliable  data  regarding  the  cause  of  the  toxic  symptoms  observed 
in  do^  after  the  establishment  of  the  Eck  fistula,  the  urinary 
analysis  must  be  supplemented  or  even  replaced  by  the  collection 
of  extensive  data  frc«n  the  analysis  of  the  blood  and  organs. 
Macleod's  animals  were  operated  on  by  Herrick.'* 

II.  Description. 

The  investigation  consisted  of  a  series  of  feeding  and  injection 
experiments  upon  dogs  in  which  the  liver  function  was  greatly 
impaired  by  the  successful  performance  of  Eck's  operation.  A  pre- 
liminary report  on  some  of  the  experiments  has  already  been  made." 
The  operations  were  in  each  instance  performed  by  Dr.  J.  E. 
Sweet  ^*  of  the  University  of  Pennsylvania.  The  author  wishes 
to  express  his  great  appreciation  of  the  courtesy  extended  to  him 
by  Dr.  Sweet  in  permitting  him  to  use  the  dogs  for  metabolism 
studies,  as  well  as  for  his  kindness  in  making  the  post-mortem 
examinations.  Instead  of  employing  scissors  to  make  the  open- 
ings upon  which  the  intercommunication  between  the  portal  vein 
and  the  vena  cava  was  dependent,  as  had  been  the  custom  of  pre- 
vious operators.  Sweet  devised  a  very  ingenious  method  which 
embraced  the  use  of  an  electric  cautery  for  this  purpose.  This 
device,  supplemented  by  his  brilliant  technique,  was  responsible  for 
the  excellent  results  he  obtained.  Six  dogs  in  which  the  Exk 
fistula  had  been  established  were  used  as  subjects  in  the  course  of 
the  investigation,  the  length  of  the  experimental  periods  varying 
from  twenty-eight  days  to  one  hundred  and  thirty-five  days  for 
the  different  dogs,  and  the  aggregate  number  of  days  being  four 
hundred  and  eleven.     Two  or  three  animals  were  frequently  under 

"  Herrick  :  Journal  of  experimental  medicine,  1905,  vii,  p.  751. 
"  Hawk:  Proceediogs  of  the  American  Physiological  Society,  Dec.  aj-ift, 
1904 ;  This  journal,  1905,  xiii,  p.  xiv. 

'*  Sweet  :  Journal  of  experimental  medicine,  1915,  vii,  p.  161. 
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experimentation  simultaneously,  the  actual  number  of  days  during 
which  the  feeding  experiments  on  the  Eck-tistula  dogs  were  car- 
ried out  being  two  hundred  and  thirty-one.  In  addition  to  these 
experiments  nine  feeding  and  injection  experiments  were  made 
on  four  normal  control  animals. 


III.  Experimental  Data. 

1.  Experiment  I.  a.  Operation  and  preliminary  feeding.  —  The 
subject  of  this  experiment  (Dc^  No.  2)  was  a  bitch  weighing  9,64  kg., 
Eck's  operation  being  performed  upon  the  animal  on  February  16. 
For  six  days  following  the  operation  the  animal  took  practically 
no  food,  but  drank  about  300  c.c.  of  water  each  day,  a  portion  of 
which  was  subsequently  vomited.  On  the  seventh  day  of  the  ex- 
periment (February  23)  the  animal  was  induced  to  drink  a  little 
milk,  most  of  which  was  retained.  From  February  23  to  Feb- 
ruary 26  the  milk  diet  was  continued,  and  all  signs  of  vc«niting 
were  absent.  On  February  27  the  dc^  was  fed  meat  for  the  first 
time,  her  diet  for  this  day  consisting  of  45  gm.  of  beef  meal  and 
150  c.c.  of  milk.  The  milk  and  beef  meal  were  mixed,  and  fed  by 
means  of  a  stomach  tube,"  since  the  animal  would  not  voluntarily 
eat  the  beef  meal.  On  the  next  day  a  mixture  of  20  gm.  of  meal 
and  300  C.C.  of  milk  was  fed  in  the  same  way,  whereas  on  Feb- 
ruaiy  29  the  ration  was  increased  to  80  gm.  of  meal  and  400  c.c. 
of  milk. 

Up  to  this  time  the  feeding  of  the  meat  had  been  the  cause  of 
no  disturbances,  so  far  as  we  could  judge,  and  inasmuch  as  we 
were  anxious  to  ascertain  what  the  effect  of  the  ingestion  of  an 
excessive  amount  of  meat  would  be,  we  fed  the  animal  150  gm. 
of  the  meal  and  600  c.c.  of  milk  upon  the  afternoon  of  March  i, 
and  followed  this  later  in  the  day  by  the  "  forced  feeding "  of 
100  gm.  of  fresh  lean  beef.  This  fresh  beef  was  fed  by  making 
it  into  small  balls,  which  were  inserted  well  back  in  the  animal's 
mouth,  after  which  the  jaws  and  nostrils  were  held  tightly  closed 

'*  In  this  process  the  dog's  jaws  were  separated  by  means  of  a  piece  of  wood, 
six  inches  long,  two  and  one-half  inches  wide,  and  one  inch  thick,  which  was  pro- 
vided with  a  circular  hole  through  the  centre.  A  rubber  tube  similar  to  the  ordi- 
nary stomach  tube  was  then  introduced  into  the  stomach  of  the  animal  through 
this  opening.  After  forming  a  thin  soup  of  the  milk  and  beef  meal  this  mixture 
was  introduced  into  the  tube,  slowly  by  means  of  a  small  funnel.  This  method 
of  feeding  was  found  uniformly  satisfactory. 
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and  the  dc^  compelled  to  swallow.  Thinking  that  the  ingestion 
of  such  a  large  amount  of  meat  might  possibly  cause  some  serious 
disturbances  before  morning,  the  animal  was  carefully  watched 
until  nearly  2  o'clock.  Nothing  unusual  was  observed,  however, 
the  dc^  remaining  rather  inactive  during-  the  entire  night. 

b.  Toxic  symptoms.  —  At  7.30  a.m.  on  March  2  the  animal 
became  more  active  than  on  the  previous  day,  and  later  in  the 
forenoon  muscular  twitching  and  a  pronounced  paretic  condition 
developed  in  the  posterior  limbs.  When  observed  at  3  p.  M.  the 
dc^  was  lying  quietly  in  the  cage,  feeling  apparently  about  the 
same  as  earlier  in  the  day.  However,  when  spoken  to,  she  failed 
to  respond  as  usual,  and  had  apparently  lost  her  sight  and  hearing. 
A  lighted  match  held  within  one-half  inch  of  her  opened  eye  was 
unnoticed.  When  placed  upon  her  feet,  she  showed  pronounced 
symptoms  of  ataxia  and  walked  around  in  a  circle  always  to  the 
left.  She  did  not  appear  to  see  the  sides  of  the  cage  and  was  con- 
tinually pushing  her  nose  against  the  metal  lining.  Often  she 
would  walk  entirely  around  the  interior  of  the  cage  with  her  nose 
constantly  against  the  wall.  Frequently,  under  these  circiunstances. 
when  reaching  a  corner  she  would  push  hard  against  the  metal  as 
though  attempting  to  force  her  way  out.  At  such  times  her  neck 
would  be  doubled  under,  and  she  would  apparently  use  ccmsider- 
able  strength  in  her  attempt  to  force  an  exit.  When  taken  from 
the  cage  and  placed  upon  the  floor  of  the  room,  she  showed  symp- 
toms similar  to  those  just  mentioned.  She  walked  with  a  stagger- 
ing gait  in  a  circle  to  the  left,  rtmning  her  nose  with  abandon  into 
walls,  posts,  table  legs,  glass  vessels,  and  anything  which  happened 
to  be  in  the  path  of  her  circular  movements.  She  would  not  re- 
spond to  a  call  of  any  kind  and  apparently  had  no  power  to  dis- 
tinguish sounds.  She  did  not  appear  to  notice  the  very  loud  noise 
produced  by  bringing  two  heavy  pieces  of  wood  forcibly  together 
close  to  her  ear.  The  "  twitching  "  movements  so  very  noticeable 
up  to  this  point  now  became  much  less  pronounced.  At  this  time 
the  respiration  of  the  animal  was  much  more  regular  than  earlier 
in  the  day,  being  20;  the  pulse  was  100.  and  body  temperature 
38.5°  c. 

When  returned  to  the  cage,  she  was  constantly  in  motion.  She 
could  be  quieted  by  smoothing  her  head  or  rubbing  her  ears,  but 
if  this  was  not  continued  she  would  suddenly,  for  no  apparent 
reason,  arise  and  begin  moving  aimlessly  abbut  the  cage  with  droop- 
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ing  head.  She  would  also  start  up  in  this  impulsive  way  if  the 
cage  was  jarred  in  any  manner.  After  three-quarters  of  an  hour, 
during  which  time  she  had  been  repeatedly  soothed  and  in  which 
time  she  had  repeatedly  gone  through  the  same  course  of  move- 
ments, she  lay  down  and  remained  quiet,  with  her  eyes  partly 
closed.  Complete  anaesthesia  was  noted  at  this  juncture,  a  needle 
forcibly  inserted  into  her  body  at  various  points  being  absolutely 
ignored.  The  customary  symptoms  persisted  until  5.15  p.  m.,  when 
a  change  was  noted.  The  dog  now  became  much  more  active  than 
usual  and  tumbled  violently  about  the  cage.  At  intervals  she  would 
stop  her  violent  movements  and  fall  upon  her  right  side  while 
her  legs  would  be  fully  extended  and  stiff.  This  cataleptic  con- 
dition soon  passed.  The  dc^  very  often  ran  out  her  tongue  and 
acted  as  if  experiencing  the  "presence  of  a  peculiar  taste.  This 
process  was  accompanied  by  increased  salivation,  and  during  it  she 
frequently  caught  her  tongue  between  her  teeth,  causing  slight 
laceration. 

The  cataleptic  symptoms  passed  away  at  7.30,  and  she  acted  much 
the  same  as  she  did  before  the  symptoms  appeared.  She  had  a 
tendency  now  to  remain  for  several  minutes  with  her  legs  folded 
under  her  and  her  nose  tightly  pressed  against  the  comer  of  the 
cage;  frequently  the  pressure  was  so  great  as  to  cause  labored 
breathing.  At  8,45  p.  m.,  when  the  dog  was  taken  from  the  cage 
and  allowed  to  walk  about  the  room,  instead  of  going  in  a  circle 
to  the  left  as  before,  she  walked  directly  forward.  She  still  suf- 
fered from  defective  sight  and  hearing,  but  the  ataxic  symptoms 
were  less  prcMiounced,  That  the  animal  was  still  under  the  influ- 
ence of  complete  anassthesia  was  demonstrated  when  a  needle  was 
run  completely  through  the  beast's  ear  and  she  made  no  movement. 
At  9.30  p.  M.  urine  and  feces  were  passed.  When  the  animal  was 
returned  to  the  cage,  she  rushed  about  in  the  customary  violent 
manner,  and  after  a  time  sank  down,  apparently  exhausted,  and 
remained  very  quiet  with  her  eyes  closed  until  nearly  midnight. 

At  7.30  the  next  morning  the  animal  was  resting,  with  closed 
eyes,  in  a  position  similar  to  that  in  which  she  had  been  left  at 
midnight.  At  this  time  respiration  was  16  and  pulse  92.  When 
aroused,  she  walked  with  staggering  steps  for  a  very  short  time 
and  then  lay  down.  The  tendency  to  run  her  nose  into  the  walls 
of  the  cage  was  gone.  Recovery  from  anaesthesia  appeared  com- 
plete, as  she  reacted  very  sensitively  to  a  slight  prick  of  the  needle. 
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There  was  apparently  entire  recovery  of  sight  and  hearing  also, 
and  the  symptoms  of  ataxia  were  absent.  When  lifted  from  the 
cage  and  placed  on  the  floor  of  the  room,  she  followed  us  about 
much  as  she  did  normally,  always  running  in  a  forward  direction, 
regulating  her  pace  by  ours,  responding  to  calls,  and  carefully 
avoiding  contact  with  obstacles  placed  in  her  path.  The  return 
to  a  normal  condition  gradually  continued,  and  at  5  p.  m.  the  ani- 
mal was  apparently  as  normal  as  at  any  time  since  the  operation. 
At  6.30  p.  M.  she  lay  down  in  a  comfortable  position  in  the  cage 
and  would  not  respond  to  a  call,  but  at  7.45  p.  M.,  when  she  was 
removed  from  the  cage  to  the  floor  of  the  room,  the  animal  ran 
about  in  the  usual  way  and  appeared  happy.  No  further  change 
was  noted  up  to  :i.30  p.m. 

The  following  day  the  dc^  was  "entirely  free  from  any  toxic 
symptoms,  but  appeared  somewhat  stupid.  She  refused  to  eat 
meat,  but  was  forced  to  take  125  gm.  of  fresh  lean  meat  admin- 
istered in  small  balls  according  to  the  method  already  described. 
The  meat  ration  was  increased  to  250  gm.  per  day  and  continued 
for  four  days  longer,  during  which  period  there  was  no  recurrence 
of  the  toxic  symptoms.  On  the  morning  of  March  8,  however,  at 
9.30  the  dog  was  found  lying  prone  on  her  right  side  in  the  bottom 
of  the  cage,  making  vigorous  "  running  movements "  with  her 
anterior  and  posterior  limbs,  the  former  moving  the  more  rapidly. 
At  this  time  respiration  was  39  and  pulse  148.  When  lifted  to 
an  upright  position,  she  could  not  maintain  her  equilibrium,  but 
immediately  sank  back  upon  her  side  and  continued  the  movements 
of  her  limbs.  By  means  of  the  proper  tests  the  animal  was  found 
to  be  totally  blind  and  deaf  and  in  a  condition  of  absolute  anses- 
thesia.  At  10  A.  m.  the  neck  of  the  animal  stiffened  and  the  move- 
ments of  the  limbs  were  superseded  by  a  temporary  stiffening  of 
the  muscles  of  the  limbs.  During  this  period,  if  the  limbs  of  the 
animal  were  placed  in  any  position  other  than  that  assumed  by  the 
beast,  they  would  at  once  return  to  their  original  position.  These 
tetanic  contractions  continued  only  about  ten  minutes.  Respira- 
tion at  this  point  was  48  and  pulse  no. 

At  11.20  A.  M.  respiration  was  slower  and  deeper,  the  jaws  being 
tightly  closed  on  lips  and  tongue,  which  were  slightly  lacerated. 
The  "  running  movements  "  of  all  four  limbs  were  still  present, 
although  not  so  pronounced  as  earlier  in  the  day.  The  animal  con- 
tinued to  lie  on  her  right  side,  and  when  rolled  over  upon  her  left 
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side  she  immediately  resumed  her  former  position  as  soon  as  she 
was  released.  This  attempt  to  cause  her  to  change  her  position 
from  the  right  to  the  left  side  was  made  frequently,  but  always 
with  the  same  result,  i.  e.,  the  animal  persistently  returning  to  the 
right-side  position.  At  12  m.  the  custcwiiary  "  running  movements  " 
of  the  limbs  were  replaced  by  a  convulsive  movement,  which  con- 
sisted of  a  forcible  drawing  of  the  anterior  limbs  close  to  the  body 
in  a  decidedly  cramped  position.  The  posterior  limbs  were  not  in- 
cluded in  the  convulsive  movement,  but  remained  entirely  inactive. 
At  1  p.  M.  the  condition  of  anesthesia  was  absent,  as  was  shown 
by  the  resentment  exhibited  by  the  animal  when  her  ear  was  sub- 
jected to  a  slight  pinch:  respiration  was  more  normal.  Sight  and 
hearing  had  returned  at  2.40  p.  m.,  but  the  anterior  limbs  were  still 
in  a  scsnewhat  cramped  position.  At  3.30  p.  m,  the  animal  re- 
sponded to  a  call  and  made  an  ineffectual  attempt  to  stand,  her  legs 
being  too  weak  to  support  her;  at  6  p.  m.,  however,  she  was  more 
successful  in  maintaining  her  equilibrium  and  succeeded  in  walking 
a  few  steps.  Some  time  later  the  animal  assumed  an  easy  position 
in  the  cage  and  fell  into  a  heavy  slumber ;  she  was  still  in  this 
condition  at  midnight.  The  next  morning  no  toxic  symptoms  could 
be  detected,  but  the  animal  was  active  as  usual  and  appeared  happy. 

c.  Meat-free  diet.  —  At  this  point  in  the  investigation  meat  was 
eliminated  from  the  diet,  the  daily  ration  being  compose,d  of  bread 
and  milk.  The  animal  appeared  satisfied  with  this  diet,  and  it  was 
not  necessary  to  employ  the  "  forced  feeding  "  methods  previously 
in  use.  Although  she  was  given  all  the  food  she  would  eat,  the 
beast  lost  weight  rapidly,  and  gradually  became  less  active,  weak, 
and  somewhat  emaciated  in  appearance.  From  April  10  to  April  16 
the  weakness  increased  rapidly,  and  at  3  p,  m.  on  April  17  the  ani- 
mal was  found  dead.  During  the  course  of  the  experiment  the 
dog  lost  about  42  per  cent  in  body  weight. 

d.  Post-mortem  examination.  —  The  body  was  very  emaciated. 
800  c.c.  of  ascitic  fluid  was  found  in  the  body  cavity.  Peritoneum 
was  roughened  by  a  fibrinous  deposit.  Some  adhesions  with  in- 
testines at  the  site  of  operation.  Upon  freeing  the  adhesions  the 
parietal  peritoneum  was  found  covered  here  and  there  with  villous 
growths.  The  omentum  was  rolled  together  and  contained  numer- 
ous whitish  nodules  the  size  of  a  small  pea.  The  spleen  was  very 
small,  but  apparently  normal.  Whitish  bodies  were  scattered 
throughout  the  mesentery.     The  liver  was  lighter  in  color  than 
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normal,  and  its  surface  was  studded  with  whitish  nodules.  The 
membranes  of  the  uterus,  tubes,  and  ovaries  were  much  thickened 
and  contained  the  same  white  bodies.  The  left  lung  was  free,  and 
the  ri^t  lung  was  fastened  to  the  dorsal  pleura  by  adhesions.  The 
diaphragmatic  pleura  and  the  pleura  of  the  mesocardium  contained 
masses  of  isolated  white  nodules.  The  heart  and  pericardium 
seemed  normal.  The  liver  was  adherent  to  the  intestine  at  the  site 
of  operation  by  adhesions  which  were  easily  broken  down.  The 
Spigelian  lobe  was  entirely  covered  with  a  mass  of  omentum  filled 
with  white  nodules.  The  pancreas  was  transformed  into  a  cirrhotic 
mass  of  tissue.  The  fistula  wound  seemed  perfectly  satisfactory. 
The  fistula  was  about  2  cm.  in  lei^h.  There  were  no  anastomoses. 
Smears  from  the  whitish  nodules  of  the  liver  showed  the  pres- 
ence of  numerous  tubercle  bacilli. 

2,  Ezparlsunt  H.  a.  Operation  and  preliminary  feeding.  —  The 
subject  of  this  experiment  {Dog  No.  4)  was  a  bitch  weighing  a 
little  over  13  kg.  The  Eck  fistula  was  established  on  the  evening 
of  April  15.  This  animal  was  fed  meat  from  the  start  of  the  feed- 
ing experiment.  The  dt^  evinced  no  distaste  for  the  diet,  as  was 
so  strikingly  portrayed  in  Experiment  I  by  Dog  No.  2.  After  meat 
had  been  fed  for  four  days  we  began  to  Io(A  for  some  indication 
of  the  toxic  signs  observed  in  Experiment  I.  However  the  typical 
symptoms  did  not  appear  even  after  the  animal  had  partaken  of 
the  meat  diet  for  a  month.  At  this  point  we  injected  sodium  car- 
bamate '*  (0.3  gm.  per  kilc^ram  body  weight)  into  the  jugular  vein, 
in  an  attempt  to  verify  the  findings  of  Pawlow  and  his  associates  in 
this  connection.  To  our  surprise  the  injection  was  not  followed 
by  any  toxic  symptoms  such  as  Pawlow  had  observed.  In  our 
experiment  there  was  no  immediate  effect  except  an  acceleration 
of  respiration  and  circulation.  Later  the  dog  became  somewhat 
stupid,  and  for  three  days  subsequently  the  urine  was  alkaline  in 
reaction. 

b.  Feeding  of  Liebig's  extract.  —  On  the  following  day  the  feed- 
ing of  fresh  lean  beef  was  again  begun,  and  continued  for  twenty- 
nine  days  longer.  The  meat  ration  had  now  been  fed  through  a 
period  of  two  months,  and  no  evidences  of  the  toxic  disturbances 

■*  This  sodium  carbamate  was  made  for  the  author  at  the  Harrison  Chemical 
Laboratory  of  the  University  of  PennsylvaDta  through  the  courtesy  of  Professor 
E.  F,  Smith. 
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observed  in  Experiment  I  had  been  in  evidence.  Thinking  that 
perhaps  the  extractives  of  the  meat  rather  than  the  protein  con- 
stituents might  have  been  responsible  for  the  toxic  symptoms  pre- 
viously observed  and  that  possibly  this  animal  was  much  more 
resistant  to  the  influence  of  the  extractives,  therefore  necessitating 
the  ingestion  of  a  much  greater  quantity  of  the  fresh  meat  to  obtain 
the  same  result,  we  concluded  to  feed  the  extractives  in  a  concen- 
trated form.  To  this  end  20-50  gm.  of  Liebig's  extract  was  daily 
added  to  the  diet  of  fresh  lean  beef.  Nothing  out  of  the  ordinary 
was  observed  in  connection  with  the  animal  until  the  extract  had 
been  eaten  for  six  days;  at  this  time  a  weakness  was  observed  in 
the  posterior  limbs.  This  paretic  condition  gradually  increased,  and 
on  the  evening  of  June  24  it  was  very  pronounced.  No  albuminuria 
was  observed  after  feeding  Liebig's  extract,  as  was  reported  by 
Macleod.^' 

c.  Toxic  symptoms.  —  On  the  morning  of  June  25,  after  Liebig's 
extract  had  been  added  to  the  diet  of  fresh  lean  beef  for  a  period 
of  ten  days,  a  series  of  toxic  symptoms  similar  to  those  observed 
in  Experiment  I  was  observed.  At  9  a,  m.  the  dog  was  found 
staggering  about  the  cage,  showing  signs  of  great  weakness  in  both 
the  anterior  and  posterior  limbs.  At  this  time  the  animal's  respira- 
tion was  120  and  the  pulse  102.  The  beast  was  blind  and  deaf, 
and  exhibited  pronounced  ataxic  symptoms.  At  10  a.  m.  the  dog 
was  in  a  pronounced  paretic  condition,  being  absolutely  powerless 
to  use  either  her  anterior  or  posterior  limbs.  Respiration  at  this 
time  was  120  and  pulse  112.  Anaesthesia  was  not  complete  in  this 
case,  there  being  slight  reactions  to  needle  pricks  in  the  region  of 
the  back  and  sides  of  the  trunk. 

At  11.30  A.  M.  the  animal  started  up  suddenly  with  no  evident 
purpose  and  for  no  apparent  reason.  She  staggered  about  the 
room,  running  into  posts,  walls,  and  chairs,  and  finally  sank  down 
apparently  completely  exhausted.  In  a  short  time  she  arose  and 
staggered  about  in  a  zigzag  manner.  Coming  in  contact  with  a 
short  stairway,  she  made  persistent  ineffectual  efforts  to  ascend,  and 
finally  succeeded  in  mounting  a  series  of  four  steps.  Soon  after 
this  the  animal  lay  down  upon  the  floor  and  exhibited  the  stiffening 
of  the  limbs  observed  with  Dog  No.  2.  The  knee  jerk  was  exag- 
gerated, and  clonic  contractions  of  the  limbs  were  in  evidence.  At 
12.15  P- U-  respiration  was  140  and  pulse  128. 

"  MACLEOD  :   L4K.  Cit, 
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The  Ao%  was  now  returned  to  the  cage,  and  at  i  p.  m.  was  fed 
50  gra.  of  Liebig's  extract.  The  animal  remained  lying  prone  upon 
her  right  side,  with  limbs  extended  and  pliable  but  inactive,  for 
over  four  hours.  At  5.30  p.  M.  a  muscular  twitching  was  noted 
in  the  anterior  limbs,  and  almost  immediately  both  the  anterior  and 
the  posterior  limbs  became  stiff.  Simultaneously  the  neck  became 
stiff  and  rigid,  sufficiently  so  to  allow  the  body  of  the  animal  to  be 
lifted  from  the  floor  by  placing  the  hand  under  her  head.  This 
condition  was  not  typical  opisthotonus.  Anaesthesia  was  complete, 
as  was  evidenced  by  the  failure  of  the  animal  to  react  to  various 
stimuli.  Proper  tests  also  indicated  the  absence  of  sight  and  hear- 
ing.   At  7.30  p.  M.  the  animal  died. 

During  the  course  of  the  seventy  days  of  the  experiment  the 
animal  had  lost  about  15  per  cent  in  body  weight.  The  percentage 
loss  in  weight  was  only  about  one-third  as  great  in  the  case  of  this 
dog  as  was  noted  in  the  case  of  Dog  No.  2,  and  further  the  con-* 
ditions  of  this  experiment  differ  from  those  of  Experiment  I  in 
that,  in  this  iiistance,  the  subject  retained  her  appetite  throughout 
the  course  of  the  experiment  and  ate  the  meat  eagerly  at  all  times, 
whereas  in  the  first  experiment  a  dainty  appetite  and  an  antipathy 
to  meat  were  indicated  from  the  inception  of  the  experiment. 

d.  Post-mortem  examination.  —  The  body  of  the  dc^  was  not 
emaciated,  as  was  the  case  in  the  instance  of  Dog  No.  2.  Organs 
were  normal.  Adhesions  at  the  site  of  hstula.  Fistula  opening  about 
2  cm.  ItMig,  and  edge  of  the  opening  covered  with  endothelium.  Gall 
bladder  greatly  distended.  Upon  injecting  the  body  no  injection 
mass  passed  to  the  liver.  No  anastc^noses  were  indicated,  and  the 
absence  of  tubercular  nodules  was  apparent. 

3.  Exporimont  m.  a.  Operation  and  preliminary  feeding.  — 
The  subject  of  this  experiment  was  a  bitch  weighing  about  ri  kg. 
Eck's  (^ration  was  performed,  and  on  May  14  the  dog  was  placed 
upon  a  daily  ration  of  i  pound  of  fresh  lean  meat.  The  animal 
ate  the  proffered  meat  with  evident  relish  throughout  the  twenty 
days  she  was  maintained  upon  this  ration.  During  this  time  the 
animal  appeared  in  all  respects  as  a  normal  dog.  At  this  point 
sodium  carbamate  was  injected. 

b.  Injection  of  sodium  carbamate  and  feeding  of  Liebig's  extract 
and  sodium  carbamate.  —  Upon  the  morning  of  June  3,  the  twenty- 
first  day  of  the  experiment,  sodium  carbamate  (0.6  gm,  per  kilo- 
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gram  of  body  weight)  was  injected  into  the  right  jugular  vein 
of  the  animal.  This  amount  of  carbamate,  although  far  in  excess 
of  that  injected  by  Pawlow  and  his  associates,  was  followed  by 
none  of  the  toxic  symptoms  observed  by  this  eminent  investigator. 
The  only  effect  of  the  injection  was  a  slightly  increased  respiration 
and  circulation.  This  acceleration  continued  but  a  short  time  and 
was  followed  by  a  period  during  which  the  beast  remained  very 
quiet  and  inactive.  All  her  faculties  were  intact,  but  she  refused 
to  respond  to  a  call  and  stood  quietly  with  drooping  head  and  was 
somewhat  stuporous.  The  urine  for  the  next  two  days  was  alkaline 
in  reaction. 

The  beef  diet  was  now  continued  for  sixteen  days  longer  and 
was  again  unaccompanied  by  any  abnormal  symptoms.  At  this 
point  Liebig's  extract  was  added  to  the  diet  during  a  period  of  three 
days,  and  nothing  noteworthy  developed  from  its  inclusion  in  the 
dietary.  On  June  23  sodium  carbonate  was  introduced  into  the 
dog's  stomach  by  means  of  a  tube,  to  neutralize  the  acidity  of 
the  gastric  juice,  after  which  sodium  carbamate  (d.6  gm.  per  kilo- 
gram body  weight)  was  fed  by  the  same  means.  A  large  part  of 
the  carbamate  was  vomited  by  the  animal,  but  was  immediately  re- 
introduced into  her  stc^nach.  The  feeding  of  this  carbamate  Was 
absolutely  without  effect,  contrary  to  the  findings  of  Pawlow  and 
his  associates.  Two  days  later,  on  June  25,  sodium  carbamate  was 
again  fed  in  equivalent  amount  in  dry  form  and  was  all  retained. 
The  result  of  the  feeding  was  again  negative,  the  animal  exhibiting 
no  toxic  symptoms  of  any  form.  The  customary  beef  diet  was  now  . 
fed  for  two  days  longer,  at  which  point  the  animal  was  placed  on 
a  diet  of  bread,  milk,  and  Liebig's  extract. 

c.  Meat-free  diet  plus  Liebig's  extract.  —  It  was  shown  in  Ex- 
periment II  that  the  daily  addition  of  Lid)ig's  extract  to  the  fresh 
meat  ration  of  an  animal  for  a  period  of  ten  days  was  followed 
by  a  series  of  toxic  symptoms  which  culminated  in  a  few  hours  in 
the  death  of  the  animal,  notwithstanding  the  fact  that  previous 
to  the  feeding  of  the  Liebig's  extract  the  animal  had  been  main- 
tained for  a  period  of  two  months  upon  a  daily  ration  of  fresh  lean 
beef,  and  further  that  on  the  thirty-first  day  of  the  experiment 
sodium  carbamate  had  been  injected  intravenously.  In  the  experi- 
ment under  consideration  (III)  the  conditions  were  similar  to  those 
just  recited  in  that  the  animal  had  been  maintained  upon  a  ration 
of  fresh  lean  beef  for  a  long  period  and  in  addition  had  received 
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sodium  carbamate,  both  by  intravenous  injection  and  by  the  mouth, 
and  all  without  the  slightest  indication  of  any  toxic  disturbance. 

The  result  obtained  in  Experiment  II  indicated  that,  in  the  case 
of  this  animal,  Liebig's  extract  was  necessary  to  the  production  of 
the  toxic  symptoms  already  mentioned.  There  was,  however,  no 
proof  that  Liebig's  extract  could  bring  about  the  disturbances  on 
a  daily  ration  from  which  the  meat  was  eliminated.  We  now  pro- 
ceeded to  test  this  point,  and  on  June  28  placed  the  dog  on  a  daily 
ration  of  one  quart  of  milk,  60  gm,  of  bread,  and  60  gm.  of 
Liebig's  extract.  This  diet  was  continued  for  a  period  of  thirty- 
one  days,  and  instead  of  the  diet  creating  anything  of  an  undesir- 
able nature  the  dog  was  apparently  very  happy  and  contented,  and 
during  the  time  this  diet  was  fed  gained  steadily  in  body  weight, 
the  aggregate  gain  for  the  period  of  thirty-one  days  being  9.1 
per  cent. 

d.  Meat  diet  plus  Liebig's  extract.  —  Following  the  failure  of 
the  addition  of  Liebig's  extract  to  a  diet  of  milk  and  bread  to  cause 
any  toxic  symptoms,  a  return  was  made  to  the  ordinary  meat  diet. 
During  the  following  fifty-three  days  the  animal  was  fed  daily 
r  pound  of  fresh  lean  beef.  The  only  result  of  this  beef  diet  was 
a  gradual  loss  in  weight,  the  animal  appearing  unchanged  in  all 
other  particulars.  The  dog  had  now  been  under  investigation  for 
one  hundred  and  twenty-eight  days,  and  had  been  fed  a  diet  of 
fresh  lean  meat  for  ninety-seven  days,  and  a  diet  of  milk,  bread, 
and  Liebig's  extract  for  thirty-one  days,  and  still  no  disturbances 
of  a  toxic  character  were  in  evidence.  At  this  juncture  it  was 
determined  to  add  Liebig's  extract  to  the  meat  diet  the  animal  was 
then  receiving,  and,  beginning  September  20,  the  daily  ration  was 
modified  to  include  i  pound  of  fresh  lean  meat  and  50  gm.  of 
Liebig's  extract. 

Upon  this  diet  the  dog  soon  began  to  exhibit  definite  symptoms 
of  increasing  weakness.  On  the  afternoon  of  September  26  the  ani- 
mal became  suddenly  much  weaker  than  usual,  and  when  observed 
at  2.30  p.  M.  she  was  staggering  slowly  and  unsteadily  about  the 
cage,  but  avoided  coming  in  contact  with  the  walls  of  the  cage, 
and  her  sense  of  hearing  was  apparently  normal.  At  this  time  her 
respiration  was  188  and  pulse  164.  At  3.00  p.m.  her  condition 
suddenly  changed,  and  she  began  to  walk  rapidly  about  the  interior 
of  the  cage  to  the  left.  When  lifted  from  the  cage  to  the  floor  of 
the  room,  the  dog  walked  for  the  most  part  straight  ahead  with 


Digitized  by  Google 


Experiments  with  the  Eck  Fistula  in  Dogs.         273 

a  staggering  gait,  but  made  an  occasional  wide  circle  to  the  left. 
At  5,00  p.  M.  the  respiration  had  become  very  rapid  and  labored, 
registering  224,  while  the  pulse  was  186  and  the  rectal  temperature 
4.2°  C.  The  dog  was  now  lying  on  her  right  side  and  made  very 
rapid  "  running  movements  "  with  both  the  anterior  and  the  pos- 
terior limbs.  At  5.45  p.  M.  the  animal's  limbs  had  begun  to  stiffen 
perceptibly,  although  the  movements  continued.  At  this  time  about 
200  C.C.  of  a  yellowish-colored  fluid  was  vomited,  and  immediately 
after  20  c.c,  of  urine  was  voided  spontaneously.  For  a  short  period 
at  this  juncture  the  respiration,  the  pulse,  and  the  movements  of 
the  legs  were  less  rapid,  but  soon  returned  to  the  former  condition. 
When  supported,  the  animal  made  her  feet  go  rapidly  along  the 
floor,  overlapping  to  the  left  each  time.  These  symptoms  were 
followed  by  complete  blindness,  deafness,  and  anaesthesia  at 
6.00  p.  M.  At  6.30  p.  M.  the  animal  ceased  breathing.  The  dog 
lost  14  per  cent  body  weight  during  the  course  of  the  one  hundred 
and  thirty-five  days  of  the  experiment. 

e.  Post-tnortem  examination.  —  The  body  was  injected,  and  none 
of  the  injection  mass  passed  to  the  liver.  Gall  bladder  greatly  dis- 
tended and  tightly  adherent  to  the  liver.  Pancreas  normal.  Spleen 
normal  except  for  a  dark  area  along  the  outer  edge.  Liver  and 
other  organs  free  from  tubercular  nodules  noted  at  the  autopsy  on 
Dog  No.  2.  Intestines  normal.  Complicated  adhesions  at  the  site 
of  the  Eck  fistula,  and  upon  dissecting  out  the  fistula  an  opening 
of  ij^  cm.  was  revealed.  Four  and  one-half  months  having  elapsed 
since  the  operation  was  performed,  it  is  evident  that  the  fistula 
opening  was  originally  no  doubt  much  larger  than  this.  Even  at 
this  time,  however,  there  was  undoubtedly  a  free  opening  between 
the  portal  vein  and  the  vena  cava.    There  were  no  anastomoses. 

4,  Experimant  IV.  a.  Operation  and  preliminary  feeding.  —  A 
bitch  weighing  about  11  kg.  was  used  as  the  subject  of  this  ex- 
periment (Dog  No.  i),  the  fistula  being  established  on  February  8. 
For  a  few  days  at  the  beginning  of  the  experiment  the  animal  was 
fed  a  diet  rich  in  carbohydrate  material,  with  the  idea  that  sugar 
would  appear  in  the  urine  provided  the  fistula  had  been  successfully 
established.  However  sugar  could  not  be  detected  in  the  urine, 
and  apparently  there  was  no  trace  of  glycosuria.  Since  these  ex- 
periments were  completed,  FiHppi  •■  has  also  observed  that  glyco- 
>•  FiLiPPi :  Zeitschriit  fur  Biologic,  1907,  xlix,  pp.  jn-SS?- 
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suria  does  not  follow  the  feeding  of  starch  to  Eck-fistula  dogs. 
This  investigator  claims,  however,  that  such  animals  have  a  low- 
ered tolerance  for  sugars  given  in  solution  or  for  lactose  in  milk, 
a  smaller  amount  leading  to  glycosuria  than  in  a  normal  animal. 

h.  Meat  diet. — From  February  i6  until  the  end  of  the  experi- 
ment the  dog  was  fed  a  meat  diet.  At  first  300  gm.  of  fresh  lean 
beef  was  fed,  but  soon  the  appetite  diminished,  and  the  amount  of 
beef  fed  daily  was  reduced  to  200  gm.  and  finally  to  150  gm.  At 
the  end  of  the  experiment  it  was  necessary  to  use  our  "  forced 
feeding  "  methods,  as  the  dog  could  not  otherwise  be  induced  to 
partake  of  the  meat. 

The  subject  of  this  experiment  was  an  extremely  restless,  uneasy, 
and  irritable  individual.  She  had  been  confined  in  the  cage  only 
a  few  days  when  she  began  to  chew  a  hole  in  the  heavy-wire  par- 
tition of  the  cage  and  to  tear  out  large  pieces  from  the  wooden 
portion  of  her  house.  This  extreme  irritability  was  not  noted  to 
such  an  extent  after  February  17.  When  the  plaster  cast  was  re- 
moved from  the  wound  and  replaced  by  a  bandage,  it  was  noted 
that  the  wound  had  not  granulated  very  extensively  and  that  the 
edges  were  one-half  inch  apart  in  some  places.  The  tendency  for 
the  wounds  to  open  in  this  manner  was  noted  to  a  much  more 
extensive  degree  in  the  experiments  of  Pawlow  and  his  associ- 
ates.'^ The  dc^  gradually  lost  in  body  weight  and  appetite,  and 
became  decidedly  weaker.  On  March  7  at  9  A,  M.  she  vomited 
about  100  c.c,  of  a  yellow  frothy  fluid  and  passed  a  fairly  large 
liquid  stool.  Subsequently  she  appeared  extremely  weakened  and 
became  stupid.  The  animal  continued  to  get  prc^ressively  weaker, 
and  at  10.45  ceased  breathing  without  having  given  evidence  of 
the  toxic  symptoms  observed  in  the  experiments  already  discussed. 
The  dog  lost  20  per  cent  in  body  weight  during  the  course  of  the 
experiment, 

c.  Post-mortem  examination.  —  The  liver  was  normal  in  color 
and  contained  no  tubercular  nodules.  The  gall  bladder  was  fully 
distended  with  bile.  All  the  organs  of  the  abdominal  cavity  ap- 
peared normal,  except  that  the  intestines  contained  blood-stained 
feces.  There  was  no  evident  explanaticai  for  this.  No  sign  of 
peritonitis.  Organs  of  the  thorax  were  normal.  No  adhesions 
between  the  intestines  and  the  site  of  operation. 

Upon  dissection  of  the  dog  after  injection  of  the  portal  system 

"  Hahn,  Massen,  Nekcki  and  Pawlow:  Loc.cU. 
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it  was  found  that  the  portal  vein  above  the  ligature,  which  was 
intact,  ccHitained  some  injection  mass.  Dissection  of  the  parts  re- 
vealed a  small  branch  of  the  portal  emptying  into  another  branch 
of  the  portal  just  before  it  passed  into  the  liver,  about  2  inches 
above  the  ligature.  This  branch  was  traced  back  to  the  venous 
plexus  of  the  smaller  curvature  of  the  stomach,  which  plexus  an- 
astomosed with  a  fairly  large  branch  of  the  splenic  vein.  Section 
of  the  liver  showed  that  some  of  the  large  vessels  were  filled  with 
injection  mass,  but  it  would  seem  that  this  occurred  as  a  backward 
fiow  from  the  vena  cava,  which  was  not  tied  off  before  injection. 
The  fistula  opoiing  was  rather  small,  about  i  cm.  long.  The  edges 
of  the  c^>ening  were  covered  with  endothdium,  and  the  stitches 
were  healed  into  the  tissues.  It  is  probable  that  the  cqwning  was 
rather  small  at  the  time  of  (^ration,  and  that  it  subsequently 
closed  further,  and  that  iwessure  in  the  portal  system  caused  the 
anastomoses  to  open.  This  dog  is  of  interest  in  connection  with 
Queriolo  and  Massini's  '*  work,  as  their  dc^  probably  had  similar 
anastomoses. 

6.  Experiment  V.  a.  Operation  and  feeding  tests. — The  subject 
of  this  experiment  (Dog  No.  5)  was  a  bitch  weighing  about  5  kg. 
The  fistula  was  established  May  4.  A  ration  consisting  of  one- 
half  pound  of  fresh  lean  beef  was  fed  daily.  The  dog  gradually 
lost  body  weight,  but  gave  no  indication  of  anything  abnormal  until 
about  the  middle  of  June,  when  it  was  observed  that  she  was  grow- 
ing perceptibly  weaker.  By  June  18  she  was  extremely  weak  and 
walked  with  a  staggering  gait,  although  she  wagged  her  tail  and 
appeared  happy  when  caressed.  The  posterior  limbs  were  the 
weaker.  On  June  21  50  gm.  of  Liebig's  extract  was  fed  and  was 
at  once  vomited.  On  June  22  the  paretic  condition  of  the  posterior 
limbs  was  more  pronounced.  On  this  day  at  10  a.  m.  she  was  fed 
sodium  carbamate  (0,6  gm,  per  kilogram  body  weight)  with  nega- 
tive effect.  The  next  day  the  dog  possessed  very  little  power  over 
her  hind  limbs.  When  lifted  from  the  cage  to  the  floor,  she  was 
unable  to  make  any  use  of  her  hind  limbs,  but  sprawled  about 
in  "  frog  fashion."  However,  when  her  head  was  stroked,  she 
wagged  her  tail  as  before  and  seemed  more  or  less  contented.  At 
10.50  A.M.  on  this  day  she  was  fed  sodium  carbamate  (1,2  gm. 

>■  Queriolo  and  Massini  :  Molbschott's  Untersuchungen  zur  Naturlehre 
der  Menscheo  und  der  Thiere,  1895,  xv,  226. 
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per  kilogram  body  weight),  and  again  the  only  effect  was  a  quick- 
ened respiration  and  pulse.  At  u  a.  m.  the  animal  passed  a  soft 
stool;  at  1 1. 20  she  passed  a  colorless  fluid  from  the  rectum,  which 
was  strongly  alkaline  in  reaction,  and  at  11.40  a  greenish  fluid 
was  passed  which  was  less  alkaline  than  the  colorless  fluid. 

The  following  day  the  animal  exhibited  evidences  of  a  pardic 
condition.  Sight  and  hearing  were  somewhat  affected,  and  the 
sense  of  feeling  was  blunted  to  a  certain  degree,  but  there  were 
no  decided  toxic  symptoms  such  as  have  already  been  cited  as  oc- 
curring in  some  of  the  previous  experiments.  On  June  26  the 
animal  ate  practically  nothing  and  died  about  noon.  She  lost  24 
per  cent  in  body  weight  during  the  course  of  the  experiment. 

h.  Post-mortem  examination.  —  The  dog  was  injected,  and  no 
injection  mass  passed  to  the  liver.  Gall  bladder  was  distended. 
Slight  adhesions  at  the  site  of  operation.  Fistula  opening  about 
lyi  cm.  long  and  no  anastomoses.  No  tubercular  nodules  could  be 
detected. 

e.  Expeiinunt  VI.  a.  Operation  and  preliminary  feeding.  —  The 
subject  of  this  experiment  was  a  bitch  (Dc^  No.  3)  weighing  about 
6  kg.  She  was  operated  on  early  in  March,  and  from  March  9  to 
March  21  inclusive  she  received  a  diet  of  milk,  bread,  and  potatoes. 
There  were  no  traces  of  sugar  in  the  urine  during  this  period. 

b.  Meat  diet.  —  From  Jime  22  until  the  termination  of  the  ex- 
periment the  customary  diet  of  fresh  lean  beef  was  fed.  During 
the  whole  experiment  the  animal  acted  like  a  normal  dog  in  every 
particular ;  she  had  a  good  appetite  and  did  not  lose  body  weight, 
as  the  other  animals  had  done. 

c.  Exploratory  operation.  —  Inasmuch  as  the  animal  appeared 
to  be  in  such  a  normal  condition,  we  considered  it  probable  that 
the  fistula  was  not  properly  established,  or  that  the  effect  of  the 
flstula  if  properly  established  had  probably  been  nullified  through 
the  establishment  of  a  collateral  circulation.  To  determine  the 
truth  regarding  the  matter,'  it  was  deemed  advisable  to  place  the 
dog  under  the  influence  of  an  anesthetic  and  open  the  abdomen 
and  make  a  careful  examination  of  the  fistula.  This  was  done 
on  April  23.  At  this  time  we  could  find  no  evidence  of  any  veins 
opening  above  the  ligature  of  the  portal.  The  liver  was  unusually 
lobulated  in  the  lower  portion  on  the  right  side,  and  some  of  the 
small  lobes  were  firmly  adherent  to  the  kidney  and  the  intestinal 
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peritoneum;  these  adhesions  were  broken  down.  The  lowest  of 
the  lobules  which  was  especially  adherent  was  removed  (lo  gm.). 
The  omentum  was  then  drawn  down  to  the  posterior  peritoneal 
surface  by  a  suture,  the  purpose  being  to  prevent  the  formation 
of  adhesions  ttetween  the  liver  and  the  intestines.  There  were  no 
adhesions  among  the  intestines,  and  none  to  the  peritoneal  wall. 

d.  Meat  diet.  —  Since  the  conditions  were  found  satisfactory 
when  the  abdcnnen  was  opened  on  June  23,  the  meat  diet  was  con- 
tinued as  soon  as  the  dog  recovered  from  the  effects  of  the  ex- 
ploratory operation.  No  toxic  symptoms  resulted  from  the  feed- 
ing of  the  meat,  however,  and  as  the  cage  was  needed  for  another 
Aog  which  had  just  been  operated  upon  (Dog  No.  5),  the  animal 
under  experimentation  was  killed  on  May  11.  The  idea  of  feeding 
Liebig's  extract  did  not  suggest  itself  to  us  until  later  (June  15), 
otherwise  a  test  similar  to  those  described  in  Experiments  II  and 
III  would  have  been  made. 

e.  Post-mortem  examination.  —  All  organs  appeared  normal. 
The  fistula  was  satisfactorily  established,  the  opening  being  lyi  cm. 
long.  After  the  animal  was  injected,  no  injection  mass  was  found 
in  the  iiver.    There  were  no  anastomoses. 


IV.  Control  Experiments  on  Normal  Dogs. 

I.  Injection  of  sodium  carbamate:  Dog  No.  so.  —  This  dog, 
weighing  6  kg.,  was  maintained  on  a  meat  diet  for  twenty-one  days 
and  then  injected  with  0.3  gm.,  0.6  gm.,  and  1.2  gm.  of  sodium 
carbamate  per  kilogram  body  weight,  an  interval  of  two  days  elaps- 
ing between  successive  injections.  The  carbamate  was  dissolved 
in  physiological  salt  solution,  a  5  per  cent  carbamate  solution  being 
employed.  The  toxic  symptoms  reported  by  Pawlow  and  his  as- 
sociates were  not  observed  in  any  instance.  No  influence  was 
noted  beyond  an  acceleration  of  the  respiration  and  the  pulse  and 
a  slight  diuresis.  The  urine  was  alkaline  in  reaction  for  two  days 
following. 

Dog  No.  21.  —  A  dog,  weighing  9.8  kg.,  was 'maintained  on 
a  diet  of  milk  and  bread  and  injected  similariy  to  Dog  No.  20. 
The  carbamate  had  no  apparent  influence. 

Dog  No.  23.  —  A  dog,  weighing  6.6  kg.,  was  maintained  on 
a  meat  diet  for  eighteen  days  and  then  injected  twice  with  0.6  gm. 
and  once  with  2.4  gm.  of  sodium  carbamate  per  kilogram  body 
weight.     There  was  no  appreciable  effect. 
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2.  Feeding  of  sodium  carbamate:  Dog  No.  21.  —  A  dog, 
weighing  about  9  kg.,  was  fed  a  meat  diet  for  four  days.  The 
animal  had  previously  been  used  for  an  injection  test.  The  acidity 
of  the  gastric  juice  was  neutralized  by  sodium  carbonate,  and 
sodium  carbamate  (1.2  gm.  per  kilogram  body  weight)  was  then 
fed  in  powder  form.  No  toxic  effect  was  observed,  in  this  point 
agreeing  with  the  findings  of  Pawlow  and  his  associates. 

Dog  No.  23.  —  A  subject  was  a  bitch  weighing  7.3  kg.  She 
was  fed  a  meat  diet  .for  six  days,  at  the  end  of  which  period  the 
acidity  of  the  gastric  juice  was  neutralized  by  sodium  carbonate,  the 
neutralization  being  followed  by  the  feeding  of  sodium  carbamate 
(2.4  gm.  per  kile^;Taia  body  weight)  in  dry  form.  No  toxic  effect 
was  evident. 

3.  Injection  of  Liebig's  extract:  Dog  No.  si.  —  This  animal, 
weighing  about  9  kg.,  had  served  as  the  subject  of  a  sodium  car- 
bamate feeding  experiment.  Following  this,  she  was  placed  <»i  A 
meat  diet  for  twenty-six  days,  at  the  end  of  which  time  Liebig's 
extract  was  injected  itito  the  right  jugular  vein.  For  the  injection 
30  gm.  of  the  extract  was  dissolved  in  salt  solution  of  such  a  strength 
that  the  resulting  mixture  was  approximately  isotonic.  Twenty 
cubic  centimetres  of  this  solution  was  injected  slowly,  sixteen  min- 
utes being  consumed  in  the  process.  The  dog  was  very  restless 
during  the  injection  of  the  20  c.c,  and  at  the  termination  of  the 
injection  both  respiration  and  heart  stopped,  and  although  artificial 
respiration  served  to  produce  an  apparent  recovery,  yet  the  animal 
died  about  one  hour  later.  The  final  cessation  of  respiration  and 
of  heart  action  was  preceded  by  a  few  pronounced  -  convulsive 
movements. 

Dog  No.  2^.  —  This  dc^  had  previously  been  the  subject  of  a 
sodium  carbamate  feeding  experiment.  It  was  apparent,  from  the 
result  of  the  injection  of  Liebig's  extract  in  the  above  experiment 
(Dog  No.  21),  that  the  extract  had  been  injected  too  rapidly  and 
in  too  large  an  amount.  In  the  present  experiment  it  was  deter- 
mined to  inject  the  extract  more  slowly  and  in  smaller  amount. 
The  animal,  which  had  been  fed  a  meat  diet  for  twenty-four  days, 
weighed  about  7  kg.  At  the  injection  of  i  c,c.  on  January  26  an 
accelerated  respiration  and  pulse  were  noted,  acc(»npanied  by  a  pro- 
nounced salivation ;  2  c.c.  slowed  both  respiration  and  pulse,  sali- 
vation remaining  unchanged ;  after  the  injection  of  3  c.c.  the  pulse 
was  barely  perceptible.    At  this  point  pronoimced  convulsive  move- 
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ments  were  observed,  accompanied  by  the  spontaneous  passage  of 
urine.  On  the  next  day  the  injection  was  continued,  3.4  c.c.  being 
injected  in  one  minute,  causing  the  respiration  to  increase  from 
20  to  30  and  the  pulse  from  84  to  160.  There  was  profuse  sali- 
vation. During  the  next  thirty  minutes  32.8  c.c.  of  the  extract 
was  injected,  the  respiration  at  that  time  being  28  and  the  pulse  80. 
A  small  amount  of  feces  and  about  10  c.c.  of  very  dark-colored 
urine  was  now  passed.  During  the  next  twelve  minutes  10  c.c,  of 
extract  was  injected.  Five  minutes  later  about  300  c.c.  of  a  thick 
mucous  material,  containing  a  little  bile,  was  vomited.  Respiration 
was  now  36  and  pulse  70.  In  a  space  of  fifteen  minutes  10.8  c.c. 
of  the  extract  was  next  injected,  increasing  the  rate  of  respiration 
to  48  and  leaving  the  pulse  unchanged  (70).  The  last  injection 
was  one  of  5  c.c,  made  during  a  five-minute  period.  This  was  in- 
strumental in  raising  the  respiratory  rate  to  56,  while  the  pulse 
remained  at  70.  One-half  hour  after  this  last  injection  respiration 
was  48  and  pulse  140,  The  dc^  remained  very  quiet,  but  there 
was  no  sign  of  any  such  toxic  symptoms  as  were  observed  after 
feeding  the  extract  to  Eck-fistula  d<^. 

The  third  and  final  injection  of  the  extract  occiured  cai  Jan- 
uary 30.  Before  the  injection  respiration  was  20,  pulse  96,  and 
body  temperature  38.5°  C.  Six  and  one-half  cubic  centimetres  was 
injected  in  three  minutes,  the  injection  being  followed  by  a  depres- 
sion of  both  respiratiOTi  and  pulse,  the  former  being  12  and  the 
latter  68;  body  temperature  was  now  38.8°  C.  In  the  next  ten 
minutes  15  c.c.  of  the  extract  was  injected;  respiration  now  12, 
pulse  132,  and  body  temperature  40.5°  C.  Urine  and  feces  were 
now  passed.  In  the  next  seventeen  minutes  20  c.c.  was  injected, 
causing  a  rise  in  body  temperature  to  42.5°  C,  both  respiraticm  and 
pulse  remaining  unchanged.  More  urine  and  feces  were  passed, 
the  urine  being  extremely  dark,  almost  as  much  so  as  the  original 
solution  of  Liebig's  extract.  The  experiment  closed  eight  minutes 
later,  after  an  injection  of  10  c,c,  of  extract.  This  was  followed 
by  very  violent  retching  movements  which  culminated  in  stercora- 
ceous  vomiting.  Respiration  ceased  and  artificial  respiration  was 
used  without  effect.  Body  temperature  was  now  44.5°  C.  During 
the  course  of  this  third  series  of  injections  no  such  acceleration  of 
respiration  was  observed  as  occurred  during  the  second  series.  On 
the  other  hand,  the  body  temperature  of  the  animal  increased  very 
remarkably  during  the  third  series  of  injections,  whereas  there 
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was  but  slig^ht  variation  from  the  normal  during  the  course  of  the 
injections  previously  made. 

4,  Feeding  of  Licbig's  extract:  Dog  No.  20.  —  This  subject  was 
a  dog  weighing  6.0  kg.  which  had  previously  been  used  in  an  in- 
jection experiment.  The  animal  was  fed  a  meat  diet  for  twenty- 
eight  days,  at  the  end  of  which  time  Licbig's  extract  was  added  to 
the  diet  for  a  period  of  eighteen  days.  No  toxic  symptt»ns  were 
observed,  such  as  those  which  followed  the  feeding  of  this  extract 
to  dogs  after  the  establishment  of  the  Eck  fistula. 

Dog  No.  22.  —  This  dog  had  previously  been  used  in  an  injec- 
tion experiment  and  weighed  about  6  kg.  The  animal  was  main- 
tained on  a  meat  diet  for  ten  days,  after  which  time  Licbig's  extract 
was  added  to  the  daily  ration  for  a  period  of  twenty-one  days.  No 
deviation  from  the  normal  was  noted. 


V.  Conclusions. 

1.  The  establishment  of  the  Eck  fistula  in  dogs  way  be  followed 
by  the  appearance  of  pronounced  toxic  symptoms  when  the  animals 
thus  operated  upon  are  fed  a  diet  containing  a  large  amount  of 
meat.  However,  in  our  experiments,  such  a  diet  did  not  always 
produce  this  result,  even  when  the  post-mortem  examination  showed 
the  portal  vein  to  be  tightly  ligatured,  an  ample  fistulous  opening 
between  this  vein  and  the  vena  cava,  and  no  signs  of  a  cdlateral 
circulaticMi. 

2.  Eck-fistula  dogs  which  failed  to  show  any  toxic  symptoms 
when  fed  a  meat  diet  for  a  long  period  invariably  exhibited  these 
toxic  signs  after  Liebig's  extract  had  been  added  to  the  meat  diet 
for  a  few  days. 

3.  The  toxic  symptoms  noted  in  Eck-fistula  animals,  after  feed- 
ing a  meat  diet  or  such  a  diet  supplemented  by  Liebig's  extract, 
may  include  ataxia,  tetanus,  catalepsy,  and  paresis  as  well  as  com- 
plete anaesthesia  and  total  loss  of  sight  and  hearing.  These  symp- 
toms ordinarily  terminate  fatally,  but  under  certain  conditions  the 
eliminatii:Hi  of  the  disturbing  factors  from  the  diet  may  be  followed 
by  the  recovery  of  the  animal. 

4.  No  toxic  symptiMns  followed  the  feeding  of  a  meat-free  diet 
to  Eck-fistula  dogs,  even  when  such  diet  was  supplemented  by  the 
addition  of  Liebig's  extract. 

5.  The  feeding  of  sodium  carbamate  to  Eck-fistula  dogs,  as  well 
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as  the  intravenous  injection  of  such  animals  with  this  salt,  was 
productive  of  no  such  toxic  symptoms  as  those  observed  after  meat 
and  extract  feeding. 

6.  The  feeding  of  sodium  carbamate  or  Liebig's  extract  to  normal 
dogs,  maintained  upon  a  meat  ration,  as  well  as  the  intravmous 

■  injection  of  either  of  these  substances,  failed  to  produce  such  toxic 
symptoms  as  were  observed  in  Eck-fistula  dogs  which  were  fed  upon 
a  diet  of  meat  or  upon  a  meat  ration  supplemented  by  the  addition 
of  Liebig's  extract. 

7.  Glycosuria  did  not  follow  the  feeding  of  carbohydrate  food 
to  Eck-fistula  animals. 

8.  There  were  no  signs  of  albuminuria  in  Eck-fistula  animals 
after  the  feeding  of  Liebig's  extract. 

g.  The  establishment  of  Eck's  fistula  was  sometimes  followed  by 
a  period  in  which  the  animal  was  extremely  nervous,  restless,  and 
irritable. 

10.  The  Eck-fistula  dogs  invariably  lost  weight,  the  loss  in  weight 
for  the  different  animals  ranging  from  14  per  cent  to  42  per  cent. 
The  dog  which  lost  42  per  cent  of  its  body  weight  was  shown  by 
post-mortem  examination  to  be  tubercular. 

11.  Meat  was  refused  by  Eck-fistula  animals  after  recovery  frcwn 
the  toxic  symptoms  induced  by  meat  feeding. 

12.  Inasmuch  as  the  feeding  of  Liebig's  extract  for  periods  of 
seven  and  ten  days  in  connection  with  a  diet  of  fresh  lean  beef 
was  followed  by  toxic  symptoms  (Experiments  II  and  III)  which 
quickly  resulted  fatally,  and,  further,  whereas  no  such  toxic  effect 
was  apparent  from  the  feeding  of  this  extract  for  a  period  of  thirty- 
one  days  in  connection  with  a  diet  containing  no  meat,  the  indica- 
tions are  that  one  or  more  of  the  constituents  of  the  Liebig's 
extract  was  responsible  for  the  toxic  symptoms  observed,  but  that 
such  constituents  are  toxic,  according  to  our  observations,  only  in 
the  presence  of  a  meat  diet,  and  that  when  fed  in  connection  with 
a  diet  from  which  the  meat  is  eliminated  they  are  inert. 
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SOME  EFFECTS  OF  CARDIAC  NERVES  UPON 
VENTRICULAR  FIBRILLATION. 

Bv  WALTER  E.  GARREY. 
[/>VM  M<  Pkyiielegical  Laiffratory  tf  Coefiir  JifidiaU  C<^ltge,  San  FrantiKg,'} 

'  I  ''HE  vagus  nerve  of  a  dog  with  fibrillating  ventricles  was  stimu- 
-■■  lated  by  faradtc  shocks,  whereupon  the  normal  rhythm  re- 
turned promptly.  The  result  was  so  striking  that  it  seemed  hardly 
possible  that  it  could  be  merely  fortuitous.  The  ventricles  were 
again  thrown  into  inco-ordinated  delirium  by  direct  faradization, 
and  again  the  same  result  attended  the  stimulation  of  the  vagus. 
A  third  attempt  on  the  same  animal  was  not  successful.  This 
observation  convinced  me  that  the  current  opinion  that  the  vagus 
cannot  control  fibrillation  is  not  altogether  correct  —  that  there  are 
exceptions  to  the  rule,^  The  following  account  deals  with  some 
experimental  data  which  relate  to  these  exceptions  only,  without 
affecting  the  validity  of  this  view.  The  work  which  has  been  in 
progress  for  over  two  years  adds  to  the  evidence  that  in  a  certain, 
though  small,  percentage  of  dogs  stimulation  of  the  vagus  nerve 
will  alter  the  character  of  or  even  stop  ventricular  fibrillation.  The 
nervi  accelerantes,  it  was  found,  may  upon  stimulation  precipitate 
fibrillation.  Similar  experiments  with  the  vagus  of  rabbits  and 
cats  yielded  results  which,  although  significant  and  pointing  to  the 
same  conclusions,  are  nevertheless  far  from  satisfactory  or  positive. 
Even  in  the  dog  the  percentage  of  successes  is  so  small  and  the 
conditions  so  hard  to  obtain  that  one  can  never  be  certain  of  posi- 
tive results  in  any  given  case ;  nevertheless,  in  those  cases  in  which 
they  were' obtained  I  am  convinced  they  were  not  mere  coincidences, 
as  has  been  assumed  by  some  in  criticism  of  the  positive  results  of 
other  workers  in  this  field. 

>  This  opinion  is  voiced,  for  example,  by  Gaskell  in  Schaefer's  Textbook 
.  of  pbfsiobgy,  1898,  ii,  p.  191. 
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There  is  a  great  diversity  of  opinion  expressed  in  the  publica- 
tions of  those  who  have  made  investigations  along  this  line.  Not 
only  is  this  diversity  of  opinion  expressed  by  those  who  have  worked 
upon  ventricles,  but  also  by  those  who  have  studied  the  action  of 
nerves  upon  this  inco-ordinated  delirium  of  the  auricles  of  mammals. 

In  the  literature  Knoll,"  Kronecker  and  Spillata,'  and  Cushny  and 
Edmunds  *  state  that  the  vagus  when  stimulated  has  no  eflEect  upon 
auricular  fibrillation.  The  last-named  authors,  however,  make  other 
observations,  which  they  themselves  state  may  have  quite  the  oppo- 
site interpretation. 

The  affirmative  side  o£  this  question  is  expressed  by  MacWilliam,' 
by  Fischel,"  and  by  Phillips.' 

The  observations  of  Cushny  and  Edmunds  referred  to  above  were 
made  upcHi  hearts  which  had  received  poisonous  doses  of  mem- 
bers of  the  digitalis  series  or  of  barium  salts.  In  these  cases  it 
was  found  that  section  of  the  vagi  resulted  in  fibrillation  of  the 
whole  heart.  The  eflEect  is  to  be  ascribed  to  the  removal  of  the 
tonic  inhibitory  impulses  which  had  been  passing  down  the  nerves 
holding  in  check  any  tendency  to  fibrillation.  I  have  made  similar 
observations  which  will  be  referred  to  later.  The  more  recent 
investigations  of  Winterberg*  also  confixm  the  fact  that  fibrilla- 
tion of  the  auricles  of  mammals  (cats)  may  be  "decreased  or 
sui^ressed  "  by  vagus  stimulation.  I  have  seen  undoubted  cases 
in  which  the  auricles,  which  were  in  the  wildest  delirium  (with 
marked  irregularity  of  the  ventricles  such  as  has  been  described 
by  Cushny.  and  Edmunds  [lac.  cit.]),  were  stopped  by  vagus 
stimulation. 

In  the  light  of  so  much  evidence  of  a  positive  character  it  must 
be  considered  as  established  that  auricular  fibrillation,  at  least  in 
some  of  its  stages,  can  be  controlled  by  the  vagi.  I  have  confined 
my  eflEorts  more  especially  to  the  more  doubtful  question  of  ven- 

*  Kkoll  :  Archiv  fiir  die  g:esammte  Physiologic,  1897,  Ixvii,  pp.  587  S. 

■  Kronecker  and  Spillatai  Archives  interoationales  de  physiologic,  1905, 
ii,  p.  227. 

*  CusHNV  and  Edmunds:  American  journal  of  the  medical  sciences,  1907, 
cxxziii,  p.  66. 

*  MacWilliah:  Journal  of  physiology,  1887,  viii,  p.  296. 

*  Fischel:  Archiv  fiir  experimentelle  Patholt^e  und  Phamtakolt^ie,  1897, 
xxxviii,  pp.  328  ff. 

'  Phillips:  Archives  intemationales  de  physiologie,  1905,  ii,  p.  271. 

■  WiNTERBERG :  Arcbiv  fiir  die  gesaramte  Physioli^e,  1907,  cxvii,  pp.  213  ff. 
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tricular  fibrillation.  Concerning-  this  question  of  the  control  by 
the  vagi  of  ventricular  delirium,  it  is  not  surprising  that  we  should 
find  a  much  greater  uncertainty  pervading  the  literature  of  the 
subject  when  we  consider  the  fact  that  the  vagus  normally  has 
much  less  influence  upon  the  ventricles  than  upon  the  auricles ;  in 
fact  it  has  even  been  questioned  whether  the  vagus  does  really 
innervate  this  part  of  the  heart  at  all." 

This  doubt  cannot  be  entertained,  however,  in  the  light  of  the 
work  of  many  other  investigators,^"  who  have  shown  an  unques- 
tionable innervation  of  the  ventricles  by  the  vagus  nerves  in  cer- 
tain cases,  although  it  is  undoubtedly  of  less  physiologic  efficiency 
than  that  of  the  auricles.  This  view  finds  corroboration  in  the 
experiments  which  I  shall  present  in  this  paper.  That  such  a 
question  should  be  raised  may  be  more  readily  accounted  for  when 
we  consider  that  various  individuals  of  a  given  species,  d(^  in 
particular,  show  marked  variations  in  this  regard.  In  considering 
the  action  of  the  vagus  it  is  hardly  necessary  to  refer  to  the  dif- 
ferences which  exist  among  different  species  of  mammals,  —  the 
slight  tonic  inhibition  in  the  rabbit,  for  instance,  as  compared  with 
the  dog,  or  the  relatively  slight  action  of  the  cat's  vagus  when 
stimulated  in  comparison  with  that  exhibited  in  either  of  the  other 
■  two  animals. 

The  following  investigators  failed  to  note  effects  of  the  vagus 
upon  fibrillating  ventricles:  Hoffa  and  Ludwig;^^  Vulpian;^'  S. 
Mayer.**  See  Bochefontaine  and  Roussy,**  MacWilliam,'*  and 
Winterberg." 

The  following  authors,  on  the  contrary,  record  positive  results : 

*  EsLAVGER  and  Hikschfelder  :  Zentralblatt  fiir  Physiologie,  190J,  xix, 
p.  270,  and  This  journal,  1906,  xiv,  p.  153. 

>•  MacWilliam  :  Journal  of  physioli^y,  1888,  ix,  p.  167,  and  /6id.,  p.  357; 
Herino:  Archiv  fiir  die  geiammte  Physiologie,  1905,  cviii,  p.  281;  Rihl:  /iid., 
1906,  cxiv,  p.  J4J;  HoWELi.and  Duke:  Journal  of  physiology,  1906,  xxzv,  p.  145. 

"  HoPFA  and  Ludwig:  Zeitschrift  fiir  rationelle  Medicin,  1849,  ix,  p.  107. 
Quoted  by  Winterbero. 

1*  VuLPiAN :  Archives  de  physiologie,  1874,  p.  975. 

■*  Maver  :  SiUungsberichte  der  AkAdemie  der  Wissenschaften  zu  Wie'n,  1873, 
Ixviil,  p.  74.     Quoted  by  Winterbero. 

"  See  Bochefontaine  and  Roussy:  Cotnples  reodus,  1881,  xcii,  p.  87- 

■•  MacWilliam:  Journal  of  physiology,  1887,  viil,  p.  296- 

"  Winterbero  :  Archiv  fiir  die  gesammte  Physiologie,  1907,  cxvii,  p.  223. 
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Einbrodt,*'  Bezold/*  and  Laffont."  Bayliss  and  Starling"*  also 
record  the  fact  that  ventricular  fibrillation  is  less  easily  induced 
while  the  vagi  are  being  stimulated,  and  Cushny  and  Eldmunds 
{loc.  cU.)  have  found  that  by  vagus  stimulation  "the  ventricle  is 
rendered  slower  and  more  regular  or  may  be  arrested  cwnpletely," 
an  effect  which  they  ascribe  simply  to  the  production  of  a  blocked 
heart.  The  fact,  however,  that  the  ventricles  came  to  a  complete 
standstill  while  the  auricles  in  their  cases  continued  fibrillating 
shows  not  only  a  blocked  heart,  but  also  a  possible  innervation  of 
the  ventricles  by  the  vagi. 

Another  observation  which  has,  I  believe,  a  direct  bearing  upon 
the  affirmative  side  of  this  question  has  been  made  by  MacWilliam 
(loc.  cit.) ;  namely,  that  a  heart  may  be  thrown  into  fibrillar  move- 
ment by  the  injection  of  a  solution  of  atropin  and  subsequently 
arrested  by  pilocarpin,  complete  recovery  of  the  ventricle  taking 
place.  The  relation  of  these  drugs  to  the  vagus  innervation  is'  too 
well  known  to  call  for  further  comment. 

The  diversity  in  the  results  Recorded  by  these  two  groups  of 
investigators  is  not  surprising  to  one  who  has  worked  in  this  field 
and  knows  its  difficulties  and  uncertainties.  Negative  results  may 
'  easily  be  accounted  for  by  the  normally  slight  action  of  the  vagus 
tipon  the  ventricles.  That  more  positive  results  are  not  recorded 
I  believe  is  due  simply  to  the  fact  that  few  have  systematically 
investigated  this  field,  our  literature  being  made  up  largely  of 
purely  incidental  observations.  Furthermore,  when  the  conditions 
necessary  to  the  eliciting  of  a  positive  action  of  the  vagus  upon 
cardiac  fibrillation  are  more  fully  understood,  I  am  convinced  we 
shall  have  more  records  of  a  positive  nature. 

In  the  first  experiments  of  my  series  rabbits,  anaesthetized  either 
with  chloral  or  urethane,  and  some  ether  when  necessary,  were 
used,  but  it  was  soon  learned  that  the  results  were  untrustworthy, 
principally  owing  to  the  great  difficulty  of  inducing  a  lasting  fibril- 
lation. This  condition  may,  to  be  sure,  follow  as  a  result  of  direct 
faradization  of  the  ventricles,  but  far  more  frequently  the  delirium 
ceases  spontaneously,  and  not  infrequently  there  was  an  abrupt 
"  Ejnbrodt:  Sitzungsberichte  der  Akademie  der  Wiasenschaften  lu  Wieo, 
1859,  xxxviii,  p.  345.    Quoted  by  Winterberg. 

"  BfZOLD:  Untersuchungen  aus  dem  Laboratoriums  lu  Wiiriburg,  1867,  i, 
p.  256. 
"  Laffont:  Comptes  rendus,  1887,  cv,  p.  1092. 
"  Bavuss  and  Starliko  :  Journal  of  physiology,  1892,  liii,  p.  407. 
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cessation  of  all  inco-ordination  as  soon  as  the  electrodes  were  re- 
moved from  the  ventricle.  One  cannot  therefore  be  certain  beyond 
any  reasonable  doubt  that  the  cessations  are  due  to  nerve  stimula- 
tion, and  not  to  the  inherent  peculiarities  of  the  heart  in  its  re- 
covery from  this  condition. 

In  spite  of  this  uncertainty  my  experiments  made  upon  me  a 
strong  impression  that  in  this  animal  ventricular  fibrillation  induced 
by  direct  stimulation  is  more  difficult  to  produce  if  the  vagus  nerves 
are  simultaneously  stimulated.  It  is  further  certain  that  of  those 
instances  in  which  there  was  an  abrupt  stop  of  delirium  when  the 
stimulating  shocks  were  stopped,  the  larger  proportion  were  cases 
which  had  been  subjected  simultaneously  to  vagus  stimulation  which 
was  continued  after  that  of  the  ventricles  was  stopped,  with  the 
result  that  fibrillation  ceased  abruptly,  the  whole  heart  being  thrown 
into  diastolic  rest,  after  which  a  normal  although  accelerated  rhythm 
was  resumed  when  the  vagus  stimulation  was  discontinued.  An- 
other impression  which  was  strong,  but  which  the  nature  of  the 
cardiac  action  in  this  animal  did  not  permit  of  reducing  to  an 
absolute  or  satisfactory  demonstration,  was  that  the  fibrillation  of 
the  rabbit's  ventricle  may  be  induced  in  a  shorter  time  with  induc- 
tion shocks  of  a  given  strength,  and  with  weaker  shocks  if  the 
vagus  has  previously  been  cut.  If  this  view  could  be  substantiated, 
it  would  controvert  the  current  idea  that  the  vagi  possesses  no  tonic 
inhibitory  action  upon  the  heart  of  the  rabbit.  It  was  the  impres- 
sion gained  from  the  more  or  less  positive  character  of  these  results 
which  induced  me  to  continue  the  investigation  upon  other  animals. 

Before  proceeding  with  the  consideration  of  further  experiments 
I  wish  to  record  the  results  upon  the  cardiac  rhythm  when  the 
rabbit's  ventricle  is  directly  faradized.  Immediately  surrounding 
the  tips  of  the  stimulating  electrodes  there  is  a  local  area  of  inco- 
ordination. If  the  stimulating  shocks  are  weak,  this  area  is  very 
circumscribed,  and  remains  so,  the  rest  of  the  heart  beating  in 
a  perfectly  co-ordinated  way;  but  there  is  a  most  striking  accelera- 
tion of  rate,  the  auricle  as  well  as  the  ventricle  being  involved  in 
this  change.  The  rhythm  in  these  cases  is  a  reversed  one,  that  is, 
of  the  ventriculo-auricular  type  described  by  MacWilliam.  This 
is  readily  demonstrated  when  the  heart  is  first  brought  to  a  vagus 
standstill  and  the  ventricle  then  stimulated.  When  the  strength  of 
the  stimulating  faradic  shocks  is  gradually  increased,  we  note  a 
larger  area  of  inco-ordination  surrounding  the  electrodes,  and  an 
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accelerated  rate  of  co-ordinated  rhythm  of  both  ventricle  and 
auricle.  Further  increase  in  the  strength  of  the  faradic  shocks, 
or  even  moderately  strong  but  long-continued  stimulaticm,  results 
in  wild  delirium  of  the  ventricles,  and  occasionally  of  the  auricles 
also.  So  long  as  there  is  any  semblance  of  co-ordination  in  the 
ventricular  contractions,  the  auricles  seem  able  to  respond  to  every 
contraction,  but  promptly,  on  onset  of  ventricular  fibrillation,  we 
find  that  in  addition  to  auricular  acceleration  there  is  an  absolute 
irregularity  of  the  auricle,  indicating,  again,  that  the  beat  is  a 
reversed  one,  and  that  the  stimuli  arising  from  the  irregularly  act- 
ing ventricles  are  being  transmitted  across  the  auriculo-ventricular 
bridge  irregularly.  A  condition  which  stimulates  this  closely  may 
be  induced  in  the  turtle's  heart,  while  the  ventricles  are  being  fara- 
dized,  the  auricles  showing  a  marked  acceleration  and  great  irregu- 
larity, both  in  strength  and  rate  of  contractions.  If  during  this 
condition  a  clamp  be  screwed  tightly  down  upon  the  auriculo- 
ventricular  ring,  or  the  Stannius'  ligature  be  applied,  the  auricular 
irregularity  disappears,  -  and  the  rate  changes  abruptly  to  normal, 
although  the  ventricles  are  kept  in  continued  fibrillation  by  induc- 
tion shocks.  This  experiment  demonstrates  further  that  the  auricles 
were  not  being  affected  by  any  escape  of  the  stimulating  current. 

Another  fact  of  significance,  and  pointing  to  the  same  conclu- 
sion, is  the  following:  If,  while  the  electrodes  are  producing  the 
fibrillary  condition  of  the  ventricles,  the  vagus  be  also  stimulated, 
the  auricles  frequently  come  to  rest  in  diastole,  while  the  ventricles 
continue  fibrillating  so  long  as  strong  faradic  shocks  are  being 
applied  to  them.  This  is  true  not  only  for  rabbits,  but  is  also 
true  for  dogs,  even  in  those  cases  of  persistent  ventricular  fibril- 
lation which  cannot  be  controlled  by  the  vagus.  It  has  been  men- 
tioned that  sometimes  the  auricle  as  well  as  the  ventricle  fibrillates 
when  the  latter  has  been  stimulated,  and  I  have  also  noted  the 
reverse  when  the  auricle  has  been  stimulated,  in  both  classes  of 
animals  just  referred  to.  I  have  never  seen  this  take  place,  how- 
ever, if  the  vagus  nerve  was  being  stimulated;  and  so  far  as 
negative  experiments  are  of  any  value,  they  certainly  point  to  an 
inhibiting  action  upon  both  auricles  and  ventricles,  or  else  to  so 
marked  a  decrease  in  the  conductivity  of  the  auriculo-ventricular 
bridge  as  to  prevent  the  spread  of  the  fibrillary  condition.  The 
importance  of  these  experiments  upon  the  reversal  of  the  rhythm 
is  at  once  seen  when  we  note  that  the  results  coincide  exactly  with 
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those  of  Cushny  and  Edmunds  {loc.  cit.),  except  that  they  are 
ventriculo-auricular  in  type  instead  of  auriculo-ventricular,  —  results 
which  have  been  appHed  by  these  authors  in  a  most  significant  way 
to  the  explanation  of  certain  cases  of  paroxysmal  tachycardia  in 
man. 

When  cats  were  used  as  experimental  material,  the  results  were 
very  similar  to  those  obtained  with  rabbits,  with  the  exception  that 
it  was  found  to  be  easier  to  produce  a  lasting  ventricular  fibrilla- 
tion in  this  animal  than  in  the  rabbit,  although  less  so  than  in  the 
dc^.  The  results  of  vagus  stimulation  were,  on  the  whole,  not 
more  certain  than  in  the  rabbit,  although  in  three  out  of  eleven 
animals  fibrillation,  apparently  firmly  established,  gradually  changed 
its  character  and  then  ceased  abruptly  while  the  vagus  was  being 
stimulated.  One  should  hardly  expect  a  very  striking  result  from 
the  stimulation  of  this  nerve  in  cats,  for  even  the  normal  beat  is 
only  slowed  by  this  means,  and  only  occasionally  is  it  possible  to 
bring  the  heart  to  a  complete  standstill. 

When  dogs  are  used  as  experimental  material,  it  is  found  that 
the  ventricles  are  easily  thrown  into  fibrillation,  a  condition  which 
is  very  persistent,  rarely  disappearing  spontaneously,  —  a  fact  which 
is  important  for  the  interpretation  of  my  experiments,  inasmuch 
as  it  minimizes  the  possibility  of  mere  chance  as  a  factor  in  the 
phenomena  observed.'^ 

In  my  investigations  upon  this  animal  it  soon  developed  that  the 
results  depended  in  large  measure  upon  its  physical  condititxi. 
When  anaesthetized  with  ether  and  worked  upon  immediately,  no 
satisfactory  results  could  be  obtained,  and  in  those  cases  in  which 
success  was  obtained  the  animals  were  in  a  decidedly  abnormal 
condition,  —  a  condition  which  served  the  purposes  of  this  investi- 
gation most  admirably,  however.  The  first  success,  which  has 
already  been  referred  to,  was  with  a  dog  which  had  served  for 
other  physiological  experimentation  under  inefficient  artificial  res- 
piration for  about  two  hours.  The  dog  had  previously  been  an- 
assthetized  with  a  large  dose  of  morphine.  At  the  time  of  the 
fibrillation  experiment  the  condition  of  the  animal  was  as  follows : 
Rectal  temperature,  34.2°  C. ;  mean  blood  pressure,  about  50  mm. 
of  mercury.    The  heart  had  been  exposed  to  the  air  for  a  long 

"  Fibrillation  of  the  auricles  la  much  more  difficult  to  obtain  than  that  of  the 
ventricles,  and  moreover  much  more  frequently  disappears  spontaneously.  Can 
tbi*  be  due  to  the  more  pronounced  influence  of  the  vagus  upon  the  auricles? 
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time,  and  was  beating  at  a  rate  of  only  sixty  per  minute,  in  spite 
of  the  fact  that  the  vagus  nerves  had  been  cut,  so  that  the  slow 
rate  was  not  due  to  the  asphyxiated  condition  of  the  central  ner- 
vous system.  The  abnormal  condition  of  the  heart  was  further 
indicated  by  the  length  of  the  auriculo-ventricular  pause,  which 
was  even  more  pronounced  than  in  cold-blooded  animals,  and  by 
the  fact  that  not  infrequently  the  ventricles  failed  to  respond  to 
auricular  contractions,  indicating  a  partially  blocked  heart,  —  a 
condition  which  had  not  existed  at  the  time  the  chest  was  opened. 
This  condition  was  approximated  in  all  of  the  experiments  which 
were  attended  with  any  marked  degree  of  success ;  many  normal 
animals  were  worked  with  before  it  was  appreciated  that  this 
abnormal  condition  might  be  an  important  factor  in  the  results, 
no  success  ever  having  been  noted  in  animals  which  were  anfesthe- 
tized  and  worked  with  immediately.  The  successful  experiments 
were  furthermore  obtained  only  with  young  animals.  The  actual 
deterfnining  factors  in  these  conditions  have  not  been  ascertained, 
although  the  following  facts  should  be  considered,  for  they  all 
have  some  place  in  the  general  condition  which  we  have  outlined. 
Hough  '^  states  that  the  vagus  has  a  greater  effect  than  normal 
upon  a  weakened  heart.  Suschtinsky  ^  has  shown  that  a  low  blood 
pressure  increases  the  action  of  the  vagus,  and  Danielewki  has 
found  that  asphyxia  has  a  similar  effect.  Carbon-dioxide  and  cold 
are  among  the  factors  used  by  Porter  ^*  to  decrease  the  tendency  to 
fibrillation.  All  of  these  factors  must  be  taken  into  consideration 
in  any  statement  of  the  causes  underlying  the  successful  attempts  to 
control  fibrillation  by  stimulation  of  the  vagus  nerve.  No  matter 
what  conditions  may  be  present  in  an  experiment,  it  is  certain  that 
only  a  small  percentage  of  animals  will  show  this  positive  control 
of  fibrillation  of  the  ventricles  by  the  vagus  nerve. 

I  shall  now  proceed  to  an  analysis  of  the  successful  experiments, 
grouping  together  changes  of  a  similar  character,  or  describing 
single  experiments,  as  seems  best  to  convey  an  adequate  idea  of 
the  different  effects  which  the  vagus  may  have  upon  fibrillation  of 
the  ventricles. 

First.    I  wish  to  record  three  cases  in  which,  after  opening  the 

»•  Hough:  Journal  of  physiology,  1895,  xviii,  p.  161. 

**  Suschtinsky  :  Zeitschrifi  fiir  die  medicinischen  Wissenschaften,  1868,  No.  3. 
"  Portek;  This  journal,  1898,  i,  p.  71,  and  Journal  of  experimeDtal  medicine, 
1896,  i,  p.  46. 
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chest  and  pericardium,  section  of  the  vagi  high  up  in  the  neck  in- 
duced fibrillation  of  the  whole  heart.  This  observation  is  the  same 
as  that  made  by  Cushny  and  Edmunds  (he.  cit.)  after  poisoning 
with  digitalis,  and  indicates  that  the  abnormal  condition  which 
prevailed  in  my  animals,  and  which  has  just  been  considered,  was 
probably  not  luilike  that  induced  by  the  members  of  this  series  of 
drugs.  In  all  three  of  these  cases  the  section  of  one  vagus  alone 
failed  of  this  result,  which,  however,  followed  promptly  when  the 
other  vagus  was  sectioned.  I  concur  in  the  view  of  the  above 
authors  that  in  these  cases  the  removal  of  vagus  inhibition  is  the 
factor  responsible  for  the  onset  of  fibrillation.  The  fact  that  the 
whole  heart  goes  into  delirium,  and  not  simply  the  auricle,  also 
points  strongly  to  a  vagus  control  of  the  ventricles,  as  well  as  of 
auricles,  although  it  does  not  exclude  the  possibility  of  the  eflEect 
being  a  sequence  of  the  auricular  fibrillation.  In  one  of  these  cases 
subsequent  stimulation  of  the  left  vagus  had  no  effect  on  the  car- 
diac delirium,  although  the  right  vagus  when  stimulated  stopped 
the  fibrillating  heart  in  diastole,*^  there  being  no  visible  fibrillation, 
although  the  previous  inco-ordination  returned  after  the  stimula- 
tion had  stopped.  The  vagus  stimulation  was  repeated  a  second 
time  upon  the  same  heart  with  the  same  result.  In  the  other  two 
cases  stimulation  of  the  vagi  separately  or  together  had  no  effect 
upon  the  course  of  the  delirium  cordis. 

Second.  It  is  more  difficult  to  induce  ventricular  fibrillation  by 
faradic  shocks  if  the  vagus  nerve  is  simultaneously  stimulated. 
Bayliss  and  Starling  found  this  to  be  true ;  Winterberg,  however, 
denies  it  and,  in  fact,  records  just  the  opposite  results.  My  results 
coincide  with  those  of  the  former  investigators;  for  instance,  it 
was  found,  in  Experiment  32  of  my  series,  that  when  the  two 
stimulations,  of  the  musculature  and  of  the  nerve  respectively,*  were 
simultaneously  applied,  the  only  effect  upon  the  ventricle,  provided 
the  shocks  were  not  too  strong,  was  that  of  local  inco-ordination 
immediately  under  and  around  the  electrodes,  with  a  marked  ac- 
celeration of  the  rate  of  contraction  of  the  whole  heart.  When 
the  ventricular  stimulation  was  removed,  the  heart  came  to  a  dias- 
tolic standstill,  owing  to  the  inhibitory  effect  of  the  vagus  stimu- 
lation; it  began  to  beat,  but  not  to  fibriUate,  when  the  eleqtrodes 
were  again  applied  to  the  ventricle.     Subsequent  removal  of  the 

••  This  differcDce  between  the  two  vagi  I  have  repeatedly  observed  upon  the 
normal  dog,  although  it  is  not  a  constant  physiologic  feature  in  this  animal. 
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electrodes  frcwn  the  vagus,  while  those  on  the  ventricle  remained, 
resulted  in  fibrillation  of  the  ventricle.  This  is  a  conclusive  demon- 
stration that  in  these  cases  the  vagus  had  inhibited  the  onset  of 
the  abnormal  contractions. 

In  conducting  these  experiments  care  was  taken  to  start  the  coils 
of  the  inductorium,  which  is  used  for  stimulating  the  ventricle, 
widely  separated,  and  gradually  to  approximate  them  to  the  point 
at  which  the  above  result  was  obtained ;  for  if  too  Strong  a  stimu- 
lation of  the  ventricles  be  resorted  to  at  the  outset,  they  will  fibril- 
late  in  spite  of  the  vagus  influence.  This  fact,  however,  cannot 
be  construed  as  signifying  that  the  vagus  does  not  exert  an  inhibi- 
tory influence  upon  fibrillation,  any  more  than  the  fact  that  in 
spite  of  vagus  stimulation  a  stimulus  directly  applied  to  the  cardiac 
musculature  calls  forth  a  contraction  can  be  construed  as  indicating 
that  the  vagus  normally  can  exert  no  inhibitory  action  whatever. 

One  point  was  developed  in  this  investigation  which  might  lead 
to  an  erroneous  conclusion  and  to  the  assumption  that  the  vagus 
stimulation  actually  increased  the  liability  to  fibrillation;  namely, 
it  was  found  that  it  was  necessary  to  remove  the  electrodes  which 
were  being  directly  applied  to  the  ventricle  before  stopping  the 
vagus  stimulation,  otherwise  fibrillation  might  ensue,  and  this  is 
true  even  with  faradic  shocks  of  a  strength  which  fail  to  induce 
fibrillation  of  the  ventricles  when  the  heart  is  beating  co-ordinately ; 
in  other  words,  in  these  cases  the  actual  vagus  influence  had  been 
removed  before  fibrillation  began.  It  may  be  conceived,  in  explana- 
tion of  this  phenomenon,  that  the  vagus  acticxi  has  left  the  ven- 
tricular musculature  in  a  more  excitable  condition  or  with  a  greater 
tendency  to  fibrillation  owing  to  decreased  conductivity  or  increased 
excitability  resulting  possibly  from  the  lowered  blood  pressure  and 
lack  bf  coronary  circulation  J  however  that  may  be,  it  seems  more 
probable  that  it  is  a  manifestation  of  the  fact  that  the  quiescent 
heart  is  more  readily  thrown  into  delirium  than  one  which  is  beat- 
ing regularly,  —  a  fact  which  I  have  repeatedly  observed.  The 
fact  of  itself  in  no  way  invalidates  our  conclusion,  for  while  the 
vagus  was  exerting  its  inhibitory  action  upon  the  heart  it  required 
a  stronger  stimulus  (induction  shocks)  applied  directly  to  the  ven- 
tricle to  call  out  the  fibrillation.  Other  authors  (Cushny  and 
Edmunds)  have  seen  a  heart  go  into  fibrillation  immediately  after 
stimulation  of  the  vagus  was  stopped.  This  observation  falls,  I 
am  convinced,  into  the  same  category  with  the  facts  we  have  just 
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been  discussing.  The  fact  that  in  their  cases  fibrillation  did  not 
take  place  while  the  vagus  was  being  stimulated  shows  that  this 
procedure  did  not  in  antl  of  itself  precipitate  the  fibrillary  state, 
but  in  the  light  of  my  experiments  rather  proves  the  opposite; 
namely,  that  a  heart  with  a  naturally  strong  tendency  to  fibrillate 
was  prevented  from  doing  so  by  the  tonic  inhibitory  action  of  the 
vagus  nerves  and  by  their  artificial  stimulation,  but  that  in  the 
interval  of  rest  following  the  stimulation  the  inco-ordinated  move- 
ments were  easily  instituted  spontaneously,  possibly  because  the 
ventricles  were  at  rest  and  because  there  had  been  no  coronary 
circulation  for  a  considerable  interval. 

In  spite  of  these  findings  relative  to  the  action  of  the  vagus  upon 
fibrillation  of  the  ventricles,  it  is  not  inconceivable  that  under  other 
conditions  vagus  stimulation  may  have  other  effects  upon  the  inco- 
ordination, even  to  the  extent  of  actually  precipitating  it.  Such 
variability  in  results  would  not  in  the  least  disagree  with  our 
knowledge  of  the  ways  in  which  the  vagus  affects  the  cardiac  mus- 
culature, expecially  that  of  the  auricle.  A  suppression  of  conduc- 
tivity alone  while  the  auricles  are  being  directly  stimulated,  for 
•example,  might  conceivably  result  in  a  condition  in  which  the  dif- 
ferent parts  of  the  heart  are  in  different  phases  of  rapid  ccaitraction 
simultaneously,  that  is,  are  in  fibrillation  which,  without  vagus 
stimulation,  would  be  only  a  marked  irregularity.  On  the  other 
hand,  with  a  fibrillating  musculature  a  decrease  in  excitability  and 
rhythmicity  such  as  the  vagus  might  induce  would  result  in  a 
cessation  of  fibrillation.  Winterberg's  observations  {loc,  cit.)  offer 
some  support  to  this  view  of  a  twofold  action  of  the  vagi,  for,  as 
noted  above,  he  found  that  auricular  fibrillation  could  be  suppressed 
by  vagus  influence;  his  experiments,  however,  also  show  other 
conditions  in  which  fibrillation  seemed  to  be  a  result  of  vagus 
stimulation. 

In  our  own  laboratories  Dr.  A.  W.  Hewlett  has  made  some  in- 
teresting observations  upon  auricular  fibrillation  (not  yet  published) 
which,  coupled  with  my  own  experiments,  lend  support  to  this  view. 
He  has  found  that  an  auricle  which  is  being  thrown  into  marked 
irregularity  by  direct  faradization  sometimes  passes  into  the  fibril- 
lary state  when  faradic  shocks  are  applied  to  the  vagus  nerves.  In 
all  of  my  experience  I  have  never  seen  a  case  in  which  stimulation 
of  the  vagus  alone  precipitated  cardiac  fibrillation,  and  it  seems 
certain  that  it  is  only  when  coupled  with  some  other  factor,  such 
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as  a  heightened  excitabihty  of  the  musculature  or  its  simultaneous 
stimulation,  that  this  vagus  effect  can  be  elicited ;  even  in  this  latter 
case  the  opposite  result  may  ensue,  as  outlined  above. 

The  action  of  the  accelerator  nerves  is  a  factor  which  must  be 
taken  into  consideration,  as  will  be  pointed  out  below. 

Third.  The  vagi  may  simply  alter  the  character  of  the  fibrilla- 
tion of  the  ventricles  without  abolishing  it.  In  this  group  of  cases 
fibrillation  was  first  started  by  direct  faradization  of  the  ventricles, 
and  the  stimulating  electrodes  at  once  removed  (the  auricles,  as 
usual,  beat  rapidly  and  irregularly,  as  has  been  described  for  the 
rabbit's  heart)  ;  next  a  cut  vagus  was  stimulated,  whereupon  the 
auricles  came  promptly  to  a  standstill.*'  And  the  ventricular  fibril- 
lation was  seen  to  change  gradually  from  a  fluttering  delirium  to 
a  series  of  undulating  sluggish  movements,  the  progress  of  the 
waves  over  the  surface  being  easily  followed  with  the  eye.  Only 
direct  observation  can  give  any  adequate  idea  of  these  changes, 
for  the  registering  apparatus  fails  to  make  any  record  of  their 
character;  the  height  of  the  tracing  may  even  be  increased,  giving 
to  the  uninitiated  the  idea  that  the  movements  are  actually  increased, 
whereas  the  opposite  is  the  true  Status,  the  contractions  in  realitj* 
approximating  a  co-ordinated  condition  and  giving  small  carotid 
pulse  waves.  This  condition  of  undulation  may  be  made  to  per- 
sist for  some  time  if  the  stimulation  of  the  vagus  is  continued. 
When  the  vagus  stimulation  is  stopped  in  these  cases,  the  ventricles 
return  to  the  original  condition  of  violent  delirium;  the  auricle 
too  again  becomes  very  irregular.  This  result  of  vagus  stimula- 
tion has  been  repeated  two,  three,  or  even  four  times  in  the  same 
experiment,  but  ultimately  the  action  of  the  vagus  on  the  fibriUating 
ventricles  fails  to  appear,  although  the  auricles  are  still  inhibited 
in  each  instance.  This  is  but  an'  expression  of  the  fact  that  a  heart 
which  has  fibrillated  for  a  long  time  (or  repeatedly)  is  less  amen- 
able to  vagus  control  and  more  easily  thrown  into  fibrillation  a 
second  or  third  time,  —  facts  which  I  have  noted  repeatedly. 

The  changes  which  we  have  just  discussed  are  to  a  certain  extent 
a  function  of  the  intensity  of  stimulus  applied  to  the  vagus.  Thus 
it  was  seen  that  a  stimulus  of  an  intensity  just  sufficient  to  inhibit 
*•  This  indicates  either  a  marked  decrease  in  the  excitability  of  the  auncles  re- 
sulting from  vagus  stimulation,  or  else  it  indicates  the  production  of  a  ventrtculo- 
auricular  blocked  heart,  for  the  latter  factor  may  have  no  inconsiderable  share  in 
this  result.  A  similar  result  obtained  by  Cushnv  and  Edmunds  during  auricular 
fibrillation  has  already  been  referred  to. 
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the  auricles  in  no  case  had  any  perceptible  effect  upon  the  process 
of  ventricular  fibrillation;  those  changes  which  we  have  just  de- 
scribed were  induced  only  by  completely  approximating  the  coils, 
of  the  inductorium.  It  happened  frequently,  however,  as  I  have 
noted,  that  even  the  strongest  f aradic  shocks  had  no  effect  whatever 
upon  the  course  of  the  ventricular  fibrillation. 

Fourth.  It  is  the  nearest  step  from  this  group  to  that  in  which 
the  control  of  ventricular  fibrillation  by  the  vagus  is  absolute.  The 
method  is  that  just  described,  and  we  find  that  with  the  strongest 
vagus  stimulation  the  inhibitory  changes  of  fibrillation  are  the 
same  as  those  just  recorded,  and  in  fact  may  go  no  farther  if  the 
excitation  be  of  short  duration;  but  with  continuation  of  vagus 
stimulation  these  changes  may  be  carried  a  step  farther,  the  ven- 
tricles as  well  as  the  auricle,  although  considerably  later,  being 
reduced  to  a  state  of  diastolic  quiescence.  Upon  removal  of  the 
inhibitory  vagal  influence  the  whole  heart  took  up  a  normal  co- 
ordinated rhythm  and  did  not  return  to  the  condition  of  delirium. 
This  result  was  obtained  with  six  animals.  In  three  of  these  cases 
I  succeeded  in  repeating  the  experiment  a  second  time  on  each 
animal,  but  a  third  attempt  was  successful  in  only  one  case.  It 
thus  develops  that  repeated  or  long-continued  fibrillation  of  the 
ventricle  renders  it  less  amenable  to  vagus  influence,  although  the 
auricles  could  still  be  inhibited.  It  is  therefore  necessary  to  make 
the  vagal  stimulation  in  these  cases  as  soon  after  inception  of 
fibrillation  as  possible  if  one  would  have  any  assurance  of  success. 
I  have  been  fortunate  in  making  this  a  class  demonstration.  One 
case  has  previously  been  referred  to  (p.  291)  in  which  only  the 
right  vagus  affected  the  fibrillation ;  in  two  of  the  three  cases  just 
considered,  however,  that  is,  in  which  it  was  possible  to  repeat  the 
stimulation  of  the  vagus  and  show  an  inhibition  of  the  ventricular 
inco-ordination,  these  nerves  were  both  Rested  and  both  found 
equally  effective.  Furthermore  it  was  found  that  the  later  stages 
of  fibrillation  could  not  be  controlled  by  either  of  the  vagi  or  when 
both  were  simultaneously  stimulated.  Inasmuch  as  both  ventricles 
were  in  a  fibrillary  state  in  these  experiments,  it  would  appear  that 
each  of  the  nerves  has  a  distribution  affecting  the  whole  heart. 

Fifth.  The  suggestion  has  been  made  that  the  control  of  the 
ventricles  of  the  dog  by  the  vagi  is  only  apparent,  and  that  in 
reality  the  cessation  of  beats  in  a  normal  animal  is  due  to  the  fall 
of  intraventricular  pressure  consequent  on  the  cessation  of  auricular 
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beats.  My  experiments  do  not  substantiate  this  view,  for  I  find 
that  both  exsanguinated  and  excised  hearts  will  respond  to  the 
.inhibitory  influences  of  the  vagi  and  come  to  rest  in  diastole.  In 
harmony  with  this  fact  it  should  not  be  overlooked  that  when  the 
whole  heart  is  in  fibrillation  the  blood-pressure  changes  which  re- 
sult from  the  delirium  are  of  such  a  nature  that  the  inhibition  of 
auricles  can  have  little  effect  upon  intraventricular  or  coronary 
pressures,  and  we  must  conclude  that  where  ventricular  fibrillation 
is  affected  by  the  vagi,  the  results  are  due  to  the  fact  that  the 
ventricles  themselves  are  innervated.  In  order  to  be  more  certain 
of  this  conclusion  I  repeated  my  experiments  in  such  a  manner 
that  the  effects  of  vagus  stimulation  when  blood-pressure  changes 
were  excluded  could  be  determined.  To  this  end  ligatures  were 
passed  about  both  venae  cavae  of  a  large  dog,  with  a  consequent 
drop  in  intracardiac  and  arterial  pressures.  Fibrillation  of  the 
ventricles  alone  was  then  induced  by  strong  faradic  shocks,  the 
vagi  were  cut,  and  the  left  vagus  immediately  stimulated;  the 
auricles  at  once  came  to  a  standstill,  but  the  ventricular  inco- 
ordination seemed  unaffected.  I  then  stimulated  the  left  vagus, 
which  stopped  the  whole  heart  in  diastole  with  no  return  of  the 
fibrillation.  The  vena  cava  was  next  incised,  the  incision  extend- 
ing into  the  auricle,  and  the  aorta  was  likewise  cut,  with  complete 
exsanguination  of  the  heart.  The  ventricles  were  again  thrown 
into  fibrillation  by  direct  faradization;  stimulation  of  the  right 
vagus  for  several  seconds  again  stopped  the  whole  heart,  which 
beat  co-ordinately  although  very  feebly  when  released  from  the 
inhibitory  influence.  An  attempt  to  repeat  the  experiment  upon  this 
heart  resulted  in  failure,  and"  fibrillary  death  of  the  heart  ensued. 
In  this  experiment  the  changes  cannot  be  ascribed  to  changes  of 
blood  pressure,  but  point  to  the  direct  innervation  of  the  ventricle 
as  well  as  to  the  control  of  fibrillation  by  the  vagus  nerves.  In 
this  connection  the  following  experiment  was  performed  upon  the 
excised  heart.  The  dc^  had  been  morphinized  on  two  successive 
days,  and  etherized  to  complete  ansesthesia.  The  vagus  nerves  were 
cut  and  dissected  the  whole  length  of  the  neck.  After  cutting  the 
abdominal  aorta  and  vena  cava  to  get  rid  of  the  future  bleeding, 
the  thoracic  viscera  along  with  the  cardiac  nerves  were  rapidly 
removed;  the  heart  was  exsanguinated  and  washed  off  externally 
with  alkaline  Ringer's  solution,  and  then  suspended  from  a  hook 
attached  to  the  aortic  wall.     The  beats  had  come  to  a  standstill 


Digitized  byGoOgIc 


Effects  of  Cardiac  Nerves  on  Ventricular  Fibrillation.     297 

by  the  time  the  necessary  manipulation  was  completed.  The  right 
vagus  nerve  was  then  stimulated  continuously  by  faradic  shocks, 
and  electrodes  from  a  second  inductorium  were  directed  against 
the  ventricles.  A  few  isolated  beats  resulted,  but  no  generalized 
fibrillation  until  the  electrodes  were  removed  from  the  vagus,  when 
the  ventricles  fibrillated  and  induced  irregular  beats  of  the  auricle. 
This  state  continued  although  the  electrodes  were  also  removed 
from  the  ventricle.  Now  stimulation  of  the  right  vagus  brought 
the  whole  heart  to  a  standstill,  and  the  resting  condition  persisted 
when  the  vagus  stimulation  was  stopped.  Mechanical  or  faradic 
stimuli  applied  to  the  auricles  resulted  in  co-ordinated  beats  or 
groups  of  beats  involving  the  whole  heart  Repetition  on  the  same 
heart  was  unsuccessful,  and  four  other  attempts  with  excised  hearts 
of  dogs  were  also  unsuccessful.  No  question  of  blood-pressure 
changes  can  possibly  enter  as  a  factor  in  this  result  The  relation 
of  the  vagus  to  the  fibrillation  of  the  ventricles  is  especially  strik- 
ing in  these  cases,  owing  to  the  rarity  of  spontaneous  recovery 
under  such  conditions. 

If  we  turn  now  to  a  consideration  of  the  eflEects  of  the  accelerans 
upon  fibrillation,  we  find  a  very  meagre  literature  indeed.  Reid 
Hunt''  records  that  he  frequently  obtained  fibrillation  of  the 
ventricle,  but  not  of  the  auricle,  when  he  stimulated  the  dog's 
accelerans,  and  H.  E.  Hering'*  noted  an  occasional  increase  in 
ventricular  fibrillation  upon  stimulation  of  this  nerve.  Winter- 
berg,''  on  the  other  hand,  concludes  that  these  nerves  have  no 
effect  either  upon  the  onset  or  the  course  of  ventricular  fibrilla- 
tion. He  comes  to  this  conclusion  in  the  face  of  the  fact  that  his 
experiments  in  reality  gave  the  opposite  result  This  conclusion 
will  be  considered  later.  The  accelerans  had  been  repeatedly  stimu- 
lated in  the  course  of  my  general  experiments,  and  I  have  at  present 
a  record  of  four  instances  in  which  ventricular  fibrillation  was 
undoubtedly  induced  by  this  means.  In  none  of  these  cases  did 
the  auricles  also  fibrillate,  although  they  beat  very  irregularly  (not 
regularly,  as  Reid' Hunt  described).  One  of  these  cases  was  care- 
fully tested  to  determine  whether,  in  regard  to  fibrillation,  antag- 
onism between  the  vagus  and  accelerans  exists.  Complete  success 
attended  thi§  effort.     The  heart  was  exsanguinated  by  dividing 

"  Hunt  :  This  journal,  1899,  ii,  p.  421. 

**  Heriko:  Zentralblatt  fiir  Phytiologie,  1905,  xix,  p.  13Z. 

**  Wiktekberg:  Lee.  at. 
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the  abdominal  aorta  and  vena  cava,  to  remove  all  possibility  of 
blood-pressure  changes  and  still  to  leave  a  clean  thorax  with  nerves 
intact,  (o)  The  vagi  were  cut,  and  the  right  vagus  and  left  ac- 
celerans  (prepared  in  Reid  Hunt's  method,  by  resection  of  the  first 
two  ribs)  were  then  simultaneously  stimulated.  The  heart  con- 
tinued to  beat,  but  unfortunately  no  record  was  taken  of  the  type 
or  rate  of  the  contractions.  Both  stimuli  were  then  removed  frcwn 
the  nerves,  the  heart  continuing  to  contract  normally.  This  ex- 
periment, in  conjunction  with  what  follows,  corroborates  Hunt's 
finding,  that  the  vagps  and  accelerans  are  antagonists,  and  that 
upon  simultaneous  stimulation  the  result  will  be  the  arithmetical 
mean  of  the  individual  effects,  (6)  Strong  stimulation  of  the 
accelerans  alone  now  induced  fibrillation.  The  stimulation  was 
continued,  and  the  right  vagus  also  stimulated.  This,  however, 
had  no  perceptible  effect,  as  both  nerves  were  being  stimulated,  the 
fibrillation  of  the  ventricles  continuing  violently,  (c)  The  next 
stage  of  the  experiment  consisted  in  a  removal  of  the  accelerans 
stimulation,  while  that  of  the  va^s  was  continued.  The  result 
was  a  gradual  change  in  type,  followed  by  the  sudden  cessation 
of  fibrillation  and  a  diastolic  standstill  of  the  heart,  which  after- 
ward took  up  a  normal  rhythm  when  the  inhibitory  action  of  the 
vagus  ceased.  There  were  only  a  few  co-ordinated  beats,  how- 
ever, in  this  case,  the  heart  coming  to  rest  almost  at  once.  Gentle 
mechanical  stimulation,  however,  always  resulted  in  a  co-ordinated 
contraction  or  group  of  cwitractions,  showing  that  the  heart  was 
really  in  a  normal  resting  condition  and  not  in  one  of  reduced  or 
masked  fibrillation.  The  experiment  could  not  be  repeated  upon 
this  heart,  except  in  its  first  stage;  namely,  that  the  ventricles 
did  not  go  into  fibrillation  when  the  two  nerves  were  simultane- 
ously stimulated,  but  did  when  the  vagus  stimulation  was  subse- 
quently stopped,  that  of  the  accelerans  being  continued.  It  would 
be  impossible  for  one  to  picture  mentally  a  more  perfect  example 
of  the  mutual  antagonism  of  these  two  nerves,  or  of  the  fact  that 
both  nerves  may  act  upon  the  ventricles,  or,  further,  of  the  fact 
that  fibriliation  may  be  subject  to  the  same  nervous  influences  as 
the  normal  modes  of  cardiac  contraction.  This  experiment,  fur- 
ther, furnishes  the  strongest  kind  of  evidence  that  the  accelerans 
must  be  looked  upon  as  a  potential  motor  cardiac  nerve.  This 
view  has  also  been  advanced  upon  other  evidences  by  Hering** 

"  Hering:  Zentralblatt  fiir  Phyaiolt^e,  1905,  xix,  p.  139,  and  Archiv  fiir  die 
gCKuninte  Physiologie,  1906,  cxv,  p.  334- 
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and  by  Howell  and  Duke.**  Guthrie  and  Pike  "  also  state  that  they 
started  quiescent  hearts  by  stimulating  the  accelerans. 

Winterberg,  I  have  stfited,  found  an  action  of  the  accelerator 
nerve  similar  to  that  outlined  above,  fibrillation  being  the  result 
of  its  stimulation,  but  he  Ifclieved  the  effect  was  an  indirect  one 
upon  the  coronary  circulation,  —  an  assumption  which  is  entirely 
gratuitous.  In  my  experiments  the  section  of  the  abdominal  blood 
vessels  eliminated  the  coronary  circulation  from  consideration,  for 
there  was  none.  An  indirect  effect  through  the  vagus  is  also  pre- 
cluded by  the  previous  section  of  those  nerves. 

I  believe  it  is  hardly  possible,  in  the  face  of  the  experiments 
which  have  been  presented  in  the  foregoing  sketch,  to  assume  that 
the  positive  results  which  have  been  recorded  in  the  literature  by 
different  competent  observers  were  mere  coincidences.  In  the  cases 
which  I  have  presented  there  have  always  been  some  factors  which 
apparently  rule  out  any  such  chance  results.  The  fact,  however, 
cannot  be  overlooked  that  these  nervous  influences  upon  fibrillation 
are  not  by  any  means  general,  in  fact  could  never  be  obtained  upon 
a  normal  animal,  and  in  my  series  could  be  satisfactorily  demon- 
strated in  only  about  16  per  cent  of  those  animals  in  which  I  had 
duplicated  conditions  which  seemed  most  favorable  for  the  demon- 
stration of  the  phenomena.  The  further  fact  develops  that  there 
are  varying  degrees  of  fibrillation,  some  of  which  may  be  partially 
or  completely  controlled  by  the  vagus  nerve,  while  others  are  wholly 
beyond  any  nervous  influence.  This  is  evidenced  by  the  fact  that 
in  all  my  experiments  hearts  previously  affected  by  the  vagus,  if 
they  had  fibrillated  long  or  repeatedly,  finally  entered  this  uncon- 
trollable condition.  This  condition,  however,  was  amenable  to 
Hering's  potassium  chloride  treatment. 

Summary. 

1.  Proof  of  vagus  control  of  ventricular  fibrillation  could  only 
be  found  in  dogs,  although  rabbits  and  cats  showed  slight  indica- 
tions of  some  influence  of  the  vagus  upon  this  condition. 

2.  Those  dogs  which  gave  positive  results  were  all  in  a  very 
abnormal  state,  and  only  in  small  percentages  of  these  animals 
could  the  positive  result  be  obtained. 

•'  Howell  and  Dukb  :  Journal  of  physiology,  1906,  xjtxv,  p.  144. 
•3  Guthrie  and  Pike  :  This  journal,  1907,  xviii,  p.  27. 
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3.  Cutting;  of  both  vagi  m^y  sometimes  precipitate  cardiac  fibril- 
lation, affecting  both  auricles  and  ventricles. 

4.  Stimulation  of  the  vagi  may  make  the  induction  of  ventricular 
fibrillation  more  difficult 

5.  Fibrillation  of  the  ventricles  onc«  started  may  (although  in- 
frequently) be  changed  in  character  or  entirely  stopped  by  vagus 
stimulation;  sometimes  only  one  vagus,  sometimes  both  nerves, 
showing  this  control. 

6.  This  control  of  ventricular  fibrillation  may  be  obtained  in- 
dependently of  the  blood-pressure  changes  due  to  stopping  of  the 
auricles,  e.  g.,  in  exsanguinated  and  excised  hearts,  indicating  a 
direct  vagal  innervation  of  the  ventricles  in  these  cases. 

7.  The  ventricles,  but  not  the  auricles,  in  this  series  of  experi- 
ments are  sometimes  thrown  into  fibrillation  by  stimulation  of  the 
accelerans. 

8.  The  vagus  and  accelerans  are  direct  antagonists  in  their  effects 
upon  fibrillation. 

9.  In  every  case  in  which  the  vagus  showed  any  control  of  fibril- 
lation the  ventricle  could  ultimately  be  thrown  into  a  violent  state 
of  inco-ordination  which  was  entirely  beyond  the  influence  of  any 
nerve  stimulation.   . 


Digitized  by  Google 


GLUCOSE    IN    SALIVA. 

By  A.  J.  CARLSON  and  J.  G.  RYAN. 
[Fnim  Iht  Hull  Phyrielfgkei  Laieratcry  ef  tht  UnivrrtHy  »f  C/utag*^ 

QALIVA  is  commonly  held  to  be  free  from  sugar.  So  far  as 
^  we  have  been  able  to  learn,  the  Hterature  contains  no  records 
of  the  presence  of  sugar  in  the  saliva  of  any  mammal  in  normal 
condition.  Normal  human  saliva  gives  none  of  the  tests  for  sugar, 
but  there  are  records  of  the  presence  of  sugar  in  the  saliva  of  dia- 
betic persons.  Fleckseder '  reports  sugar  in  two  cases  of  diabetes 
mellitus,  the  sugar  being  constantly  present  in  mixed  saliva  in 
amounts  readily  detected  by  the  Fehling's  test.  Mosler,'  on  the 
other  hand,  reports  a  number  of  cases  of  diabetes  mellitus  in  which 
the  parotid  saliva  failed  to  give  positive  reactions  for  sugar  with 
any  test.  We  have  had  the  opportunity  of  testing  the  mixed  saliva 
pf  a  case  of  diabetes  in  man,  whose  urine  sugar  usually  ran  above 
iy'2  per  cent.  The  phenylhydrazine  test  and  the  Fehling's  reduc- 
tion tests  were  negative,  the  safranin  test  positive.  It  would  there- 
fore seem  that  even  in  the  case  of  pronounced  hyperglycemia  in 
man,  sugar  may  or  may  not  appear  in  the  saliva,  and  when  the 
sugar  does  appear  in  the  sahva  it  is  only  in  slight  traces. 

In  the  course  of  experiments  on  some  points  in  the  secretion  of 
ptyalin  our  attention  was  called  to  a  reducing  substance  present 
in  considerable  quantities  in  the  submaxillary  and  parotid  saliva 
of  the  cat  collected  during  ether  anaesthesia.  At  first  we  were  led 
to  believe  that  the  cat's  submaxillary  and  parotid  saliva  contains 
a  considerable  quantity  of  ptyalin,  but  it  was  soon  discovered  that 
the  greater  part  of  the  reducticMi  of  the  Fehling's  solution  in  the 
starch-saliva  mixtures  was  due  to  a  reducing  substance  in  the  saliva 
itself.  This  substance  turned  out  to  be  glucose.  It  is  present  in 
considerable  quantity  in  saliva  collected  during  anaesthesia  and  is 

>  Fleckseder:  CentralblaU  fur  innere  Medicio,  190$,  xxvi,  p.  41. 
*  HosLER :  Archfv  fiir  HeJIkunde,  1864,  v,  p.  338. 
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found  in  traces  in  normal  reflex  saliva.  The  greater  concentration 
of  the  sugar  in  the  saliva  secreted  during  anaesthesia  appears  to 
be  due  to  hyperglycemia  invariably  induced  by  the  anaesthetic. 


I.  Methods. 

The  mixed  reflex  saliva  was  obtained  by  stimulation  of  the 
mucous  membrane  of  the  mouth  with  ether  vapor  or  weak  acetic  ■ 
acid,  the  mouth  being  first  thoroughly  washed  with  water  so  as 
to  remove  possible  traces  of  sugar  or  reducing  substances.  The 
cats  have  to  be  held  down  more  or  less  forcibly  in  this  process,  and 
most  of  them  struggle  considerably  when  the  ether  vapor  touches 
the  mouth.  This  may  tend  to  bring  on  hyperglycemia,  and  thus 
may  account  for  the  sugar  appearing  in  the  saliva.  However,  at 
least  two  of  our  cats  were  docile  and  struggled  very  little  during 
the  process  of  securing  the  saliva;  nevertheless  the  s^iva  of  those 
cats  gave  positive  tests  of  sugar. 

In  a  number  of  experiments  we  secured  mixed  saliva  from  the 
mouth  after  hypodermic  injections  of  pilocarpin.  By  this  method 
the  saliva  was  obtained  practically  without  any  struggle  on  the 
part  of  the  animals.  This  saliva  also  gave  positive  tests  for 
sugar. 

In  order  to  remove  all  possibility  of  the  reducing  substance  in- 
the  saliva  coming  from  the  mouth  cavity  itself,  cannulas  were  in- 
serted in  the  ducts  of  Stenson  under  local  anaesthesia.  Pure  parotid 
saliva  was  thus  secured  by  the  reflex  stimulation  methods  men- 
-  tioned  above  or  by  hypodermic  injections  of  pilocarpin.  This  pure 
parotid  saliva  gave  positive  tests  for  sugar. 

In  order  to  determine  the  relation  of  the  concentration  of  the 
sugar  in  the  blood  to  the  concentration  of  the  sugar  in  the  reflex 
saliva,  hyperglycemia  was  induced  by  injection  of  glucose.  These 
injections  were  made  hypodermically  into  a  muscle,  or  intravenously, 
the  femoral  vein  being  isolated  under  local  anaesthesia. 

The  submaxillary  chorda  and  sympathetic  salivas  were  always 
collected  under  light  ether  anaesthesia. 

II,  Results. 

I,  The  cafs  submaxillary  and  parotid  salivas  contain  a  reducing 
substance  or  substances.  —  The  normal  or  reflex  saliva  was  tested 
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in  seven  cats.  In  each  case  the  safranin  test  was  positive.  The 
fennentation  test  was  positive  in  the  four  cases  in  which  it  was  used. 
Five  cases  gave  slight  reduction  with  Fehling's  solution,  while 
osazone  crystals  were  obtained  in  only  one  case.  These  experi- 
ments are  summarized  in  Table  I. 

TABLE   I. 
TKK  Pbesbnce  of  Sugar  in  thb  Normal  Saliva  of  thk  Cat. 


No.  of 
eip. 

S»li.». 

Safranin. 

Reduction 

Fehling's 
solution. 

Phenyl. 
hjdranne 

I. 

Keflex  mixed  wUiva .    .    .    . 

+ 

+ 

+ 

_ 

II. 

Reflex  mixed  laliva .... 

+ 

+ 

+ 

+ 

III. 

Reflex  mixed  laliva.    .    .    . 

+ 

+ 

+ 

- 

IV. 

Reflex  mixed  aalivA .... 

+ 

+ 

+ 

- 

V. 

ReBex  mixed  saliva .... 

+ 

no  teat 

- 

- 

VI. 

(a)  Reflex  mixed  tali*a     .    . 

in  Clear  parolid  saliva  <tetn- 

ponry  fistula) .    .     .    . 

-1- 
+ 

no  test 

+ 

_ 

vu. 

(a)  Reflex  mixed  saliva     .    . 

it)  Clear  parolid  saliva  <tem' 

poraif  fitiula).    .    .    . 

-f- 
+ 

no  test 
no  test 

+ 

Showing  thb  Incrbasb  in  the  Sugar  Content  or  Normal  Silivi  ahu  Pilocar- 
riK  Saliva  aptbr  Intravenous  and  Hvfodbrhic  Injection  op  Glucose.  Cat. 
No  AnjCstresia. 


No.  of 
exp. 

Saliva,  mixed.        U 

— ■ 

Permenu. 
tion. 

Reduction 
with 

Fehling's 
solution. 

Phenyl- 

I  - 

1.  Normal  reflex  saliva.    .    . 

2.  Reflex  saliva  after  intrave. 

nous  injection  of  glucose. 

no  test 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

•( 

1.  Normal  reflex  saliva.    .     . 

Z.  Reflex  saliva,  after  hjrpoder- 

mic  injection  of  glucose.   . 

+ 

+ 

+ 

+ 

i 

+ 

+ 

+ 

+ 
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The  submaxillary  saliva  secured  by  direct  stimulation  of  the 
secretory  nerves  and  the  submaxillary  and  parotid  saliva  secured 
by  pilocarpin  under  general  ether  anaesthesia  contains  this  reduc- 
ing substance  in  greater  amounts  than  the  normal  or  reflex  saliva. 
Tests  were  made  on  salivas  from  six  cats  under  ether  anjesthesia,  all 
of  them  yielding  positive  reaction  with  phenylhydrazine,  safranin, 
Fehling's  solution  and  fermentation.  One  typical  experiment  of 
this  series  is  summarized  in  tabular  form  in  Table  III. 

2,  The  reducing  substance  in  the  cafs  saliva  is  glucose.  —  Our 
first  thought  was  that  the  reduction  was  due  to  the  mucin  in  the 
saliva,  as  it  is  well  known  that,  on  splitting,  mucin  yields  a  carbo- 
hydrate body  that  reduces  Fehling's  solution.  We  removed  the 
mucin  from  the  saliva  by  precipitation  with  acetic  acid.  The  saliva 
free  from  mucin  still  gave  positive  tests  for  sugar.  Safranin, 
moreover,  is  not  discolored  by  mucin,  and  in  our  hands  this  test 
was  always  positive.  Although  this  possibility  seems  to  be  strength- 
ened by  the  fact  that  the  submaxillary  saliva  always  contains  more 
of  this  reducing  substance  than  the  parotid  saliva,  just  as  the 
former  contains  more  mucin  than  the  latter,  the  above  facts  ex- 
cluded mucin  as  a  factor  in  the  reduction.  Moreover  the  concen- 
tration of  the  reducing  substance  does  not  run  parallel  with  that  of 
the  mucin  tn  the  saliva. 

The  sugar  is  fermentable.  The  osazone  crystals  obtained  were 
those  typical  for  glucose.  We  made  melting-point  determinations 
of  these  crystals  from  salivas  of  three  cats.  In  one  case  the  crystals 
melted  at  198°  C. ;  in  the  other  two  cases  the  liquefaction  occurred 
between  200°  C.  and  204*^  C.  The  melting-point  of  pure  gluco- 
sozone  crystal  is  204^-205  °. 

The  slightly  lower  figures  in  our  experiments  are  in  all  probabil- 
ity due  to  impurities  adhering  to  the  crystals.  The  figures  are 
nevertheless  too  high  for  pentosazones.  The  sugar  must  be  a  hexose, 
in  all  probability  glucose, 

3.  The  glucose  in  cats'  saliva  is  not  a  special  product  of  the  sali- 
vary glands,  hut  is  simply  the  glucose  of  the  blood  eliminated  by 
the  glands,  in  much  the  same  manner  as  the  kidneys  eliminate  sugar 
in  hyperglycemia.  This  is  shown  by  the  following  facts:  (i)  Hy- 
perglycemia induced  by  injection  of  glucose  solution  hypodermic- 
ally  or  intravenously  is  invariably  followed  by  a  great  increase  in 
the  reducing  substance  in  the  saliva.  This  is  true  both  for  normal 
or  reflex  saliva  as  well  as  for  the  saliva  secured  under  anaesthesia 
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Gland. 

SabT«. 

Safranin 

tett 
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lion  test. 
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Fehling'* 
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Phenvl- 
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right 
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left. 
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■  1.  Chorda 
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by  stimulation  of  the  secretory  nerves  or  by  pilocarpin.  The  con- 
centration of  the  reducing  substance  in  the  saliva  varies  directly 
with  the  degree  of  hyperglycemia  produced. 

(2)  It  iias  already  been  stated  that  there  is  a  greater  concen- 
tration of  the  sugar  in  the  saliva  collected  during  ansesthesia  than 
in  normal  reflex  saliva.  The  cause  of  this  difference  is  probably 
the  following.  Ether  anajsthesia  in  the  cat  invariably  induces  hy- 
perglycemia and  diabetes  during  the  course  of  the  anaesthesia.  This 
is  shown  by  the  appearance  of  sugar  in  the  urine  and  by  an  in-  ■ 
crease  in  the  percentage  of  sugar  in  the  blood.  The  urine  collected 
from  five  cats  killed  by  decapitaticm  gave  no  reduction  test  for 
sugar.  Normal  cat's  urine  is  therefore  practically  free  from  sugar. 
The  urine  drawn  from  the  bladder  of  cats  after  one  or  two  hours 
of  ether  anaesthesia  invariably  yields  great  reduction  and  masses  of 
osazone  crystals.  And  this  diabetes  is  probably  caused  by  hyper- 
glycemia, because  after  thirty  to  sixty  minutes  of  ether  anaesthesia 
the  blood  contains  a  much  greater  percentage  of  sugar  than  at  the 
beginning  of  the  ana;sthetic.  The  case  of  the  increased  sugar  con- 
tent of  saliva  during  anesthesia  is  therefore  not  to  be  sought  pri- 
marily in  a  change  in  the  permeability  or  secretory  activity  of  the 
gland,  but  in  the  increased  concentration  of  the  sugar  in  the  blood. 

4.  There  is  a  gradual  increase  of  glucose  in  the  successive  simples 
of  saliva  secreted  during  anasthesia.  —  This  is  true  both  for  the 
parotid  and  the  submaxillary  salivas.  This  point  was  discovered 
in  trying  to  determine  whether  the  saliva  sugar  is  produced  in  the 
glands  themselves.  If  quantities  of  i  c.c.  of  chorda  saliva  be  col- 
lected during  one  to  two  hours  of  anaesthesia,  the  last  sample  con- 
tains much  more  sugar  than  the  first ;  in  fact  each  succeeding  sample 
contains  more  sugar  than  the  preceding  one.  In  some  of  our  ex- 
periments as  many  as  seven  to  ten  samples  were  secured  from 
each  gland. 

This  gradual  increase  in  sugar  content  appears  also  in  the  saliva 
produced  by  the  injection  of  pilocarpin  and  is  equally  marked  in  the 
submaxillary  and  the  parotid  glands. 

The  cause  of  this  progressive  increase  in  sugar  content  of  the 
saliva  may  be  ( i )  a  gradual  increase  in  the  sugar  content  of  the 
blood,  or  (2)  a  gradually  increasing  permeability  or  alteration  in 
the  secretory  activity  of  the  gland.  The  first  alternative  is  probably 
the  true  explanation.  We  have  seen  that  the  percentage  of  sugar 
in  the  saliva  tears  a  direct  relation  to  the  percentage  of  sugar  in 
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the  blood.  Ether  produces  hyperglycemia.  This  is  in  all  proba- 
bility due  to  an  increased  elimination  of  sugar  by  the  liver.  This 
conversion  of  liver  glycogen  into  sugar  is  a  progressive  one ;  hence 
we  have  a  gradual  increase  in  the  sugar  content  of  the  blood  dur- 
ing the  anaesthesia. 

That  it  is  not  a  question  of  a  gradual  increase  in  the  permea- 
bility of  the  glands  seems  to  be  shown  by  the  fact  that  the  gradual 
increase  in  the  sugar  content  is  not  obtained  when  the  hypergly- 
cemia is  produced  suddenly  by  direct  injection  of  glucose  into  the 
veins.  In  that  case  there  is,  of  course,  no  gradual  increase  in  the 
sugar  of  the  blood. 

5.  The  parotid  saliva  contains  a  smeller  percentage  of  glucose 
than  does  the  submaxillary  saliva.  —  In  none  of  our  experiments  did 
we  observe  an  excepticwi  to  this  rule.  Only  a  few  tests  were  made 
on  the  saliva  from  the  sublingual  gland,  but  these  indicated  that 
the  sugar  content  of  the  sublingual  and  the  submaxillary  salivas  is 
about  the  same. 

This  difference  between  the  submaxillary  and  parotid  saliva  in- 
dicates that  the  sugar  does  not  pass  into  the  saliva  as  a  result  of 
filtration  or  being  carried  along  passively  in  the  water  stream.  If 
such  was  the  case,  we  would  expect  more  sugar  in  the  serous  saliva 
(parotid)  than  in  the  mucous  saliva  (submaxillary).  However, 
the  cats'  submaxillary  saliva  does  not  contain  a  great  deal  o-f 
mucin. 

6.  The  submaxillary  saliva  produced  by  stimulation  of  the  cer- 
vical sympathetic  contains  more  sugar  than  that  secured  by  stim- 
ulation of  the  chorda  tympani.  —  This  is  best  brought  out  by 
alternately  stimulating  the  chorda  and  the  sympathetic  on  the  same 

^ide.  Three  or  four  sympathetic  samples  of  i  c.c.  each  and  as 
many  chorda  samples  may  thus  be  obtained  for  comparison  from 
each  side.  It  will  not  serve  to  compare  the  sympathetic  saliva  from 
one  gland  with  the  chorda  saliva  from  the  gland  of  the  opposite 
side,  because  the  corresponding  glands  in  the  same  animal  may  not 
yield  the  same  quantity  of  sugar  in  the  saliva.  When  the  com- 
parisons are  made  between  alternate  samples  of  chorda  and  sym- 
pathetic saliva  from  the  same  gland,  the  sympathetic  saliva  is 
always  found  to  contain  the  greater  amount  of  sugar.  In  some 
cases  the  chorda  saliva  collected  after  a  period  of  sympathetic 
stimulation  contained  more  sugar  than  the  sample  collected  prior 
to  the  stimulation. 
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We  have  at  present  no  adequate  explanation  to  offer  for  this 
phenomenon.  Langley  discovered  long  ago  that  the  sympathetic 
submaxillary  saliva  of  the  cat  is  more  dilute  than  the  chorda  saliva, 
and  this  has  been  confirmed  by  Carlson,  Greer,  and  Becht.  The 
greater  dilution  seems  to  be  due  to  the  smaller  quantity  of  organic 
constituent  which  is  present  in  greater  amount  than  in  chorda  saliva. 
It  is  therefore  probable  that  the  difference  between  the  organic 
contents  of  the  sympathetic  and  the  chorda  saliva  noted  by  Langley 
is  mainly  due  to  the  mucin. 

Carlson  ■  has  shown  that  the  cervical  sympathetic  in  the  cat  con- 
tains both  vaso-dilator  and  vaso-contractor  fibres  to  the  submaxil- 
lary gland,  and  that  the  usual  effect  of  stimulation  of  the  sympa- 
thetic with  the  weak  interrupted  current  is  vaso-dilation  in  the 
gland.  The  increased  percentage  of  sugar  in  the  sympathetic  saliva 
cannot  therefore  be  related  to  partial  anaemia  of  the  gland  from 
vaso-constriction.  It  was  pointed  out  by  Carlson,  Greer,  and  Becht  * 
that  the  difference  in  composition  of  cats'  sympathetic  and  chorda 
submaxillary  saliva  cannot  be  due  to  differences  in  vascular  condi- 
tions of  the  gland,  but  must  be  due  to  a  difference  either  in  the 
nature  of  the  action  or  in  the  regional  distribu^on  of  the  two 
nerves  in  the  gland.  These  two  alternatives  cover  the  present  case 
also,  but  we  have  no  evidence  that  will  enable  us  to  decide  in  favor 
of  the  one  or  the  other. 


III.  Summary, 

1.  The  normal  saliva  (submaxillary,  sublingual,  parotid)  of  the 
cat  contains  a  trace  of  glucose.  This  glucose  is  probably  not  a 
specific  product  of  the  salivary  glands,  but  simply  the  glucose  of 
the  blood  transferred  into  the  saliva  by  the  gland  cells. 

2.  The  percentage  of  glucose  in  the  saliva  increases  with  an  in- 
crease in  the  percentage  of  glucose  in  the  blood.  The  glucose  is 
present  in  greater  quantity  in  the  saliva  collected  during  the  an- 
aesthesia ;  this  is  probably  due  to  the  hyperglycemia  that  is  invari- 
ably produced  by  the  anaesthetic.  But  the  condition  of  the  gland 
is  also  a  factor  in  determining  the  percentage  of  the  glucose,  as 
the  chorda  saliva  collected  simultaneously  from  the  left  and  the 

■  CARI.SON:  This  journal,  1907,  x'ik,  p.  408, 

*  Carlson,  Gkeek,  and  Becht  :  This  jounal,  1907,  x:^  p.  iSo. 
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right  submaxillary  glands  may  not  contain  the  same  percentage 
of  the  sugar. 

3.  The  saliva  from  the  submaxillary  gland  always  contains  more 
sugar  than  the  parotid  saliva.  And  in  the  case  of  the  submaxillary 
saliva  itself  that  secured  on  stimulation  of  the  chorda  tympani 
contains  less  sugar  than  the  sympathetic  submaxillary  saliva.  We 
have  no  adequate  explanation  for  these  variations. 
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FURTHER  STUDIES  ON  RESISTANCE  TO  LACK  OF 
OXYGEN. 

By  WALES  H.  PACKARD. 

[^>VM  Ike  Marint  Bielagical  Latora^ry  at  Woedi  Halt,  and  the  Bielegtcal  Dipatt- 

mtnt  af  lAi  Bradliy  Potyltchnic  Itatitutt,  Pioria,  M] 

I.  Introduction. 

TN  a  previous  paper'  it  has  been  shown  that  the  effect  of  those 
■*■  carbohydrates  which  can  be  absorbed  when  injected  into  the 
body  cavity  of  the  common  minnow,  Fundulus  heterocHtis  (i.  e., 
maltose,  glucose,  and  Isevulose),  is  to  increase  the  resistance  of 
these  animals  to  lack  of  oxygen.  This  effect  of  these  sugars  was 
explained  on  the  assumption  that  they  act  as  depolarizers  in  the 
processes  of  protoplasmic  respiration,  uniting  with  the  nascent  hy- 
drogen formed  in  these  processes  and  thus  permitting  oxidation  to 
go  on  in  the  absence  of  air. 

The  observations  described  in  the  following  paper  are  an  ex- 
tension of  the  experiments  already  published.  They  were  under- 
taken to  test  the  effect  of  the  other  food  substances  and  some 
drugs,  when  injected  intraperitoneally,  on  the  resistance  to  lack 
of  oxygen. 

The  same  animals  (Fundulus  heterocHtis)  were  used,  and  the 
experiments  were  performed  in  a  similar  manner  to  that  described 
in  the  previous  paper,'  which  may  be  briefly  outlined  as  follows. 
The  fish  were  first  assorted  according  to  size  and  sex  and  were 
then  injected  into  the  body  cavity  with  three  to  eight  drops,  ac- 
cording to  the  size  of  the  animal,  of  the  solution  whose  effect  was 
to  be  tested.  After  injection  they  were  replaced  in  running  water 
to  allow  time  for  absorption.  The  definite  lengths  of  time  in  each 
experiment  are  stated  in  the  tables.  For  an  experimoit,  ten  of  the 
injected  animals  and  ten  others  of  the  same  size  properly  marked 

>  Packard  :  This  journal,  1907,  xviii,  p.  164. 
*  Packard  :  Lae.  tit. 
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to  serve  as  controls  were  placed  in  a  litre  flask  which  was  then 
completely  filled  with  sea  water  and  tightly  stoppered.  Under  these 
conditions  the  available  supply  of  oxygen  was  quickly  exhausted 
and  the  animals  were  under  conditions  of  lack  of  oxygen.  The 
length  of  time  the  animals  were  left  in  the  ftask  in  each  experi- 
ment is  given  in  the  tables.  It  varies  somewhat  with  the  tempera- 
ture. If  the  animals  were  not  left  in  the  flask  long  enough,  they 
would  all  revive,  and  if  left  too  long,  they  would  all  be  dead.  The 
animals  were  then  removed  from  the  flask  and  placed  in  running 
water  for  several  hours,  until  all  those  not  actually  killed  in  the 
experiment  had  revived. 

In  all  experiments  of  this  character  the  importance  of  large  num- 
bers of  individuals  is  to  be  strongly  emphasized.  The  individual 
variation  in  resistance  to  lack  of  oxygen  is  so  great  that  one  ex- 
periment or  a  few  experiments  may  show  nothing.  It  is  only  when 
large  numbers  are  used  that  the  effect  sought  for  can  be  demon- 
strated. In  the  following  tables  all  the  experiments  which  were 
performed  are  given. 


11,  The  Effect  of  Mannose  and  Galactose  on  Resistance 
TO  Lack  of  Oxygen. 

Tlie  earlier  observations  on  the  eflfect  of  carbohydrates  on  re- 
sistance to  lack  of  oxygen  were  extended  to  include  two  other 
monosaccharides,  mannose  and  galactose.  The  results  of  the 
experiments  on  injection  with  mannose  are  shown  in  Table  I. 

From  the  summary  it  will  be  seen  that  out  of  126  alive  indi- 
viduals 88,  or  70  per  cent,  were  those  which  had  been  injected, 
while  only  38,  or  30  per  cent,  were  the  controls.  Of  the  134  dead 
individuals  only  42,  or  31  per  cent,  were  injected,  while  92,  or  69 
per  cent,  were  controls. 

If  the  mannose  had  no  effect  on  the  resistance  to  lack  of  oxygen, 
an  approximately  'equal  number,  or  50  per  cent  each,  of  injected 
and  controls  would  have  been  left  alive  and  an  equal  number  would 
have  been  dead. 

The  results  show  that  a  much  greater  percentage  of  injected 
individuals  than  of  the  controls  were  left  alive  and  a  correspond- 
ingly smaller  percentage  of  the  injected  than  of  the  controls  were 
dead.     The  effect  of  the  injection  of  mannose  is  therefore  to  in- 
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crease  the  resistance  to  lack  of  oxygen  and  is  similar  to  the  effect 
of  the  glucose  and  laevulose. 

Table  II  shows  the  results  of  injection  with  galactose.     It  will 
be  seen  from  the  summary  that  an  approximately  equal  number  of 

TABLE   I. 
FuNDULUs  Injectbd  with  OJ  Mol.  Mannosb. 


Time  between 
placing  in  flask. 

Time  in  flask. 

Injecied. 

Control*. 

Alive. 

Dead 

Alive. 

Dead. 

28    00 
27    45 
27    30 
27    20 
18    25 
18    20 
18    10 
23    30 
23    15 
22    25 
22    10 
22    OS 
22    00 

2    45 
2    45 
2    "45 
2     45 
2    45 
2     45 
2    45 
2    45 
2    45 
2    30 
2    30 
2    30 
2    30 

7 
6 
7 
6 
8 
5 
9 
6 
9 
6 
5 
8 
6 

3 
3 
6 

4 
2 
2 
3 
2 
3 
2 
3 
3 
2 

7 

7 
4 
6 

8 
8 
7 
8 
7 
8 
7 
7 
3 

Toul 

88 

42 

38 

92 

Summary. 
Injected,  88  (70  per  cent 
Injected,  42  (31  per  cent 


Controls.  38  {30  per  cent). 
ControU,.92  (69  per  cent). 


injected  animals  and  controls  were  left  alive  and  a  corresponding^ly 
equal  number  were  dead.  The  difference  in  percentage  between 
the  injected  individuals  and  controls  both  alive  and  dead  is  well 
within  the  limits  of  individual  variation  and  would  probably  dis- 
appear if  larger  numbers  were  used.  The  injection  of  galactose 
therefore  has  no  effect  on  the  resistance  to  lade  of  oxygen  and  is 
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similar  to  that  found  in  previous  experiments  for  cane  sugar  and 
lactose. 

TABLE   II. 
FvNDULua  Injected  with  0.5  Mol.  Galactose. 


TioM  between 
injection  and 
placing  in  flisk. 

Time  In 

fllBk. 

Injected. 

Controls. 

Alive. 

Dead. 

Alive. 

Dead. 

26    so" 

2    45' 

6 

4 

6 

26    35 

2    45 

3 

3 

7 

26    25 

2    25 

10 

5 

5 

36    10 

2    45 

6 

8 

2 

17    25 

2    45 

9 

4 

6 

22    45 

2    4S 

4 

6 

4 

16    20 

2    4S 

3 

3 

7 

15    35 

2    45 

5 

3 

7 

20    55 

2    30 

5 

8 

2 

20    SO 

2    30 

7 

4 

6 

23    15 

2    30 

2 

1 

9 

22    15 

2    30 

2 

3 

7 

16     5 

2    45 

1 

3 

7 

22    50 

2    30 

0 

10 

2 

8 

15    50 

2    45 

1 

1 

9 

23    00 

2    30 

0 

.     10 

0 

10 

22    30 

2    30 

1 

1 

9 

Total     ....... 

65 

105 

59 

111 

Injected,   65  (52  per  ci 
Injected,  105  (48  per  ci 


Controls,    59  (48  per  cent). 
Controls,  111  (52  per  cent). 


The  fact  that  the  disaccharides,  cane  sugar  and  lactose,  did  not 
increase  the  resistance  to  lack  of  oxygen,  as  did  nitiitose,  wiis  ex- 
plained *  as  probably  due  to  the  lack  of  the  necessary  enzymes  for 
*  Packard:  Lcc.  cU. 
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converting  them  into  the  simple  sugars,  as  it  is  generally  recog- 
nized that  the  disaccharides  must  be  converted  into  monosaccharides 
before  they  can  be  absorbed  and  assimilated.  These  disaccharides 
would  be  found  rarely  if  ever  in  the  food  of  fishes,  and  the  ab- 
sence of  the  inverting  enzymes  would  receive  a  teleological  explana- 
tion in  the  statement  that  the  specific  enzymes  are  developed  tmly 
in  response  to  the  requirements  of  the  individual  animal.  Thus 
lactase  has  been  found  very  generally  wanting  in  animals  lower 
than  the  mammals  and  also  in  the  adults  of  many  of  the  mam- 
mals,* The  absence  of  a  lactase  would  not,  however,  explain  the 
fact  that  the  injection  of  galactose  does  not  produce  any  increase 
in  resistance  to  lack  of  oxygen,  for  it  is  already  a  monosaccharide 
and  does  not  require  inversion  before  it  is  supposedly  capable  of 
absorption.  There  is,  however,  some  evidence  that  galactose  is 
not  assimilated  to  any  great  extent.  Thus  Blumenthal '  found  that 
the  limit  of  assimilation  of  galactose  after  intravenous  injection  in 
rabbits  was  very  low,  being  but  slightly  above  that  of  cane  sugar 
or  lactose  and  far  below  that  of  dextrose  or  lievulose,  Pavy* 
also,  in  his  studies  on  the  intravenous  injection  of  carbohydrates 
in  rabbits,  reports  that  while  all  the  monosaccharides  were  utilized 
to  a  great  extent  (i.  e.,  not  eliminated  in  the  urine),  yet  galactose 
was  utilized  to  a  less  extent  than  dextrose  and  lasvulose. 

On  the  other  hand,  Dastre  '  found  that,  after  subcutaneous  and 
intravenous  injection,  galactose  appeared  only  as  traces  in  the  urine 
and  was  therefore  utilized  to  almost  as  great  an  extent  as  was  either 
dextrose  or  Ixvulose. 

Fritz  Voit  ^  found  that,  after  subcutaneous  injection  in  the 
human  subject,  galactose  wqp  not  recovered  from  the  urine,  but  was 
absorbed  similarly  to  dextrose,  Ijevulose,  and  maltose.  McGuigan,* 
who  with  Dr,  S.  A.  Matthews  determined  the  amount  of  various 
sugars  it  is  necessary  to  inject  intravenously  in  rabbits  before  the 

*  See  Mekdel  and  Mitchell:  This  journal,  1907,  xk,  p.  80,  for  a  short 
sammary  of  the  literature  on  the  presence  and  distribution  of  the  inveniog 
enzymes  and  a  bibliography. 

*  Blumenthal  r  Beitrage  lur  chemischeu  Physiologic,  1905,  vi,  p.  819.  The 
original  paper  was  not  available.  Cited  from  Mendel  and  Mitchell:  This 
jojmal,  190J,  Jtiv,  p.  239. 

*  Pavy  :  Journal  of  physiology,  1899,  xxiv,  p.  479. 

^  Dastre:  Centralblatt  fur  Physiologic,  1889,  p.  133. 

*  VoiT,  F. :  Deutsches  Archiv  fiirklinische  Medidn,  1897,  Iviii,  p.  523. 

*  McGuigan:  This  journal,  1907,  xix,  p.  175. 
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appearance  of  sugar  in  the  urine,  reports  that  galactose  was  more 
readily  oxidized  than  either  Isevulose  or  dextrose. 

While  the  evidence  in  mammals  is  thus  conflicting,  there  is  no 
doubt,  from  the  experiments  given  in  this  paper,  that  in  fishes  at 
least  galactose  is  not  absorbed  to  any  great  extent  v^rhen  injected 
intraperitoneally,  for  if  the  galactose  had  been  absorbed  it  would 
probably  have  increased  the  resistance  to  lack  of  oxygen,  since 
McGuigan  *"  has  found  that,  outside  the  body,  galactose  is  oxidized 
by  cupric  acetate  more  easily  than  dextrose  and  only  slightly  less 
easily  than  laevulose. 

This  failure  to  absorb  galactose  in  fishes  might  receive  the  same 
teleological  explanation  given  above  in  the  fact  that  lactose  or  its 
splitting  products  would  ordinarily  never  occur  in  their  food. 

III.  The  Effect  of  Fats  on  Resistance  to  Lack  of  Oxygen. 

Since  it  has  been  shown  that  carbohydrates  when  they  can  be 
absorbed  increase  the  resistance  of  fishes  to  lack  of  oxygen,  and 
also  that  proteids"  when  fed  to  the  fish  have  no  such  effect,  there 
is  left  yet  to  be  considered  the  third  group  of  food  substances,  the 
fats,  which  were  next  tested  as  to  their  eflfect  on  resistance  to  lade 
of  oxygen.  With  this  end  in  view  the  Fundulus  were  fed  into  the 
stomach  by  means  of  a  pipette  with  2-3  c.c.  of  oil  and  then  placed 
in  nmning  water  until  the  next  day,  or  even  longer  (the  definite 
lengths  of  time  are  shown  in  the  tables),  to  allow  time  for  the 
digestion  and  absorption  of  the  oil,  which  would  probably  be  rather 
slow.  Both  olive  oil  and  linseed  oil  were  used,  and  the  results  are 
given  in  Tables  III  and  IV. 

It  will  be  seen  from  the  summaries  that  in  each  case  an  approxi- 
mately equal  nianber  o^  controls  and  fed  individuals  were  left  alive 
and  an  equal  number  were  dead,  thus  showing  that  under  the  con- 
ditions of  the  experiment  no  efFect  on  resistance  to  lack  of  oxygen 
was  obtained.  It  was  seen,  on  dissecting  some  of  the  fed  indi- 
viduals, that  the  oil  had  disappeared  from  the  stomach  and  intes- 
tines, but  whether  it  had  been  digested  and  absorbed  or  whether 
it  had  been  passed  out  as  excreta  could  not  be  determined,  as  the 
animals  were  necessarily  left  in  running  water  and  any  oil  excreted 
would  have  been  immediately  washed  away. 
"  McGuiGAN :  Loc.  at. 
*■  Packaiu)  :  LtK.  cit. 
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The  experiment  was  then  tried  of  injecting  linseed  oil  into  the 
body  cavity  of  the  fish.  The  animals  were  left  as  before  until  the 
next  day  to  allow  time  for  absorption.  The  results  are  shown  in 
Table  V. 

TABLE   m. 
FoNDOLUs  Fed  with  Olivb  Oil. 


Time  between 

feeding  and 
placing  m  flask. 

Time  in  flask. 

Fed. 

Con 

trols. 

Alive. 

Dead. 

AliTe. 

Dead. 

20    10 

2    30' 

3 

3 

7 

Z4    00 

2    30 

2 

2 

8 

22    45 

2    30 

4 

6 

39    20 

2    40 

5 

5 

39    00 

2    40 

2 

8 

24    00 

2    30 

6 

4 

23    50 

2    30 

4 

6 

23    35 

2    30 

6 

4 

23    20 

2    30 

3 

3 

7 

3S    20 

2    40 

1 

4 

6 

Total 

38 

62 

39 

61 

Alive,    77    .    .    .    Fed,  38  (50  per  cent).    Controls,  39  (50  per  cenl). 
Dead,  123    ..    .    Fed,  62  (50  per  cent).    ConlroU,  61  (50  per  cent). 

It  will  be  seen  from  the  summary  that  under  the  conditions  of 
the  experiment  the  resistance  to  lack  of  oxygen  was  greatly  de- 
creased. A  much  larger  percentage  of  the  injected  animals  than 
of  the  controls  were  dead,  while  a  smaller  percent:^  of  the  in- 
jected than  of  the  controls  were  left  alive. 

An  explanation  of  this  result  has  not  yet  been  arrived  at,  A 
series  of  fish  were  injected  with  Jinseed  oil  in  a  manner  similar  to 
that  in  the  experiment  and  were  then  left  in  an  aquarium  for  more 
than  two  weeks.  During  that  time  none  of  the  fish  showed  any 
deleterious  effect  of  the  injected  oil.    At  the  end  of  that  time  all 
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the  fish  were  alive  and  active  and  apparently  normal.  On  opening 
the  body  cavity  of  the  fish  at  the  end  of  the  two  wedcs  it  was  found 
that  it  was  still  filled  with  the  injected  oil,  and  it  could  not  be  easily 
detennined  by  comparing  the  amount  with  that  previously  injected 
whether  any  oil  had  been  absorbed  during  all  that  time  or  not.    It 

TABLE   IV. 
FuNDULUs  Fed  with  Linsbxd  Oil. 


Time  between 

feediai;  and 

placing  in  flask. 

Time  in  Rule. 

Fed. 

ContToU.            1 

Alive. 

Dead. 

Alive. 

Dead. 

8    15 

Z    45 

6 

3 

8    00 

2     2S 

5 

5 

21    IS 

2     4S 

5 

3 

20    45 

2    45 

5 

3 

22    30 

2     30 

6 

5 

22    IS 

2    30 

5 

4 

18    3S 

2    30 

5 

6 

18    20 

2    30 

6 

4 

9 

18    00 

2    30 

4 

6 

6 

Total 

43 

47 

45 

45 

Alive,  88    .    .    .    Fed,  43  149  per  cent).    ControU,  45  (51  per  cent). 
Dead,  92    .    .    .     Fed,  47  (51  per  cent).    Controls,  45  (49  per  cent). 

was  judged  that  it  had  not.  Since,  then,  the  oil  is  probably  not 
absorbed  from  the  body  cavity,  no  importance  with  reference  to  its 
effect  on  respiration  can  be  attached  to  this  experiment. 


IV.  The  Effect  of  Alcohol  on  Resistance  to  Lack  of 
Oxygen. 


The  extensive  literature  on  the  physiological  effects  of  alcohol 
both  as  a  drug  and  as  a  food  was  thoroughly  reviewed  a  few 
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years  ago.*'  The  earlier  experiments  on  the  influence  of  alcohol, 
considered  as  a  drug,  on  respiration  are  concerned  principally  with 
the  effect  on  the  frequency  and  depth  of  the  respiratory  move- 
ments and  with  the  inBuence  on  the  oxygen  intake  and  carbon- 
dioxide  output.    Although  the  earlier  data  are  somewhat  conflict- 


FuNDULUS  Injectbd  with  Linsied  Oil. 


Time  between 
injection  and 
placing  in  Ouk. 

Time  in 
fluk. 

Injected. 

Control!. 

Alive. 

Dead. 

AUve. 

Dead. 

kn.  Bta. 
24    30 

24    OO 

23    45 

23  30 
22    30 
22    00 

24  10 
24    40 
24    25 

hn.  mm. 

3    00 
3    00 
3    00 

3    00 
3    00 
3    00 
2    IS 
2    30 
2    30 

4 

I 
I 

6 
9 
9 
5 

7 
6 
7 
6 
10 

25 

65 

49 

41 

Alive,    74   ...    .    Injected,  25  (33  per  cent).    Controls,  49  (67  per  cent). 
Dead,  106  ...    .    Injected,  65  (62  per  cent).     CoDliolt,  41  (3S  per  cent). 

ing,  yet  the  later  results,  as  summarized  by  Abel,"  seem  to  indicate 
that  in  the  higher  animals,  including  man,  alcohol  in  moderate 
doses  acts  as  a  respiratory  stimulant  for  an  hour  or  more  after 
administration.  This  stimulating  effect  is  seen  in  a  slight  increase 
in  the  volume  of  air  passing  through  the  lungs  and  in  an  increase 
in  the  absorption  of  oxygen  (3.5  per  cent).    The  stimulating  effect, 

^*  J.  S.  Billings,  Ed. :     Physiological  aspects  of  the  liquor  problem,  1903. 
"  Abel:  Pharmacological  action  of  ethyl  alcohol;   Physiological  aspects  of 
the  liquor  problem,  ii,  p.  1 16. 
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however,  is  very  transitory  and  is  soon  followed  by  a  depressant 
action  on  both  the  rate  and  depth  of  the  respiratory  movements, 
an  effect  which  is  always  obtained  with  the  use  of  larger  doses 
of  alcohol.  The  explanation  given  by  Singer^*  is  adopted  as  the 
most  probable  one :  "  It  is  well  known  that  alcohol  dilates  the 
superficial  blood  vessels  and  thus  leads  to  an  increase  in  heat  dis- 
sipation. The  animal  organism  counteracts  this  loss  by  an  in- 
crease in  heat  production.  In  other  words,  alcohol  induces  loss 
of  heat  from  the  body  and  at  the  same  time  causes  a  compensatory 
increase  in  the  oxygen  intake  in  order  that  this  loss  may  be  made 
good  by  an  increased  combustion."  Alcohol  is  thus  not  a  direct 
respiratory  stimulant,  but  acts  only  indirectly  through  an  increased 
demand  for  oxygen  required  by  an  increase  in  the  oxidative 
processes  in  the  tissues  which  in  turn  was  brought  about  by  an 
increase  in  heat  dissipation. 

The  question  whether  or  not  alcohol  had  a  direct  effect  on  pro- 
toplasmic respiration  was  not  considered. 

In  summing  up  the  literature  on  alcohol  considered  as  a  fpod 
in  its  relation  to  respiration,  Atwood  "  gives  the  following: 

1.  "  There  is  no  evidence  that  alcohol,  in  moderate  quantities, 
has  any  effect  upon  oxygen  absorption  different  from  that  of 
ordinary  nutrients. 

2,  "  There  is  no  evidence  that  alcohol  in  moderate  quantities 
has  any  effect  upon  the  oxidation  of  carbon  or  upon  the  elimina- 
tion of  carbon-dioxide,  different  from  that  of  ordinary  nutrients," 

Atwater  also  calls  attention  to  the  fact  that  a  clear  distinction 
must  be  drawn  between  alcohol  as  a  food  and  alcohol  as  a  drug. 

In  his  own  experiments  on  the  nutritive  value  of  alcohol  in 
which  the  "  respiration  Ctilorimeter "  was  used,  and  which  were 
far  more  accurate  in  plan  and  execution  than  any  others  which 
had  preceded,  Atwater**  reaches  the  same  conclusion,  namely,  that 
alcohol  in  moderate  quantities  (72  gm.  of  absolute  alcohol  per 
day)  is  oxidized  in  the  body  like  sugar,  starch,  and  fat  and  thus 
serves  as  a  fuel,  and  that  the  body  burns  the  alcohol  at  its  dis- 
posal in  the  same  way  as  any  other  food  in  sufficient  quantity  to 
supply  the  energy  it  needs  for  warmth  and  work.    In  other  words, 

"  Singer:  Physiological  aspects  of  the  liquor  problem,  ii,  pp.  112  tt  seq. 
>*  Atwood:    The  nutritive  value  of  alcohol;   Physiologic^  aspects  of  the 
liquor  problem,  ii,  p.  190. 
1*  Atwater  :  Physiological  aspects  of  the  liquor  problem,  ii,  p.  292. 
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alcohol  in  this  quantity  acts  as  a  food  and  interferes  in  no  way  with 
the  consumption  of  oxygen  and  the  production  of  carbon-dioxide. 

Since  in  general  the  experiments  already  mentioned  do  not  touch 
directly  the  question  as  to  the  effect  of  ala>hol  on  protoplasmic 
respiration,  it  was  determined  to  test  the  effect  of  alcohol  on  re- 
sistance to  lack  of  oxygen  as  bearing  more  directly  on  this  point. 

In  the  first  few  preliminary  experiments  the  results  obtained 
were  very  irregular,  a  fact  which  has  been  noted  by  all  investi- 
gators on  the  effects  of  alcohol.  There  is  evidently  a  great  indi- 
vidual variation  in  the  sensitiveness  of  different  individuals  to 
the  effects  of  alcohol,  and  consistent  results  can  be  obtained  only 
by  the  use  of  many  experiments  and  large  'numbers  of  individuals. 
It  was  determined,  therefore,  to  make  a  series  of  experiments  with 
gradually  increasing  strengths  of  ala>hol ;  commencing  with  i  per 
cent  and  increasing  until  a  strength  was  readied  which  was  as 
much  as  the  animals  would  stand.  With  each  per  cent  of  aloJiol 
at  least  eight  experiments  were  made  involving  the  use  of  two 
hundred  animals.  In  all  about  one  hundred  experiments  were 
perfonned  with  more  than  two  thousand  fish,  and  the  results 
showed  a  gratifying  consistency.  The  alcohol  used  was  the  ordi- 
nary commercial  alcohol  {96  per  cent),  and  was  diluted  with  dis- 
tilled water  to  make  the  proper  per  cent.  The  animals  were  in- 
jected with  from  three  to  eight  drops  of  the  alcohol  according  "to 
the  size  of  the  fish.  In  each  experiment  only  animals  of  approxi- 
mately the  same  size  were  used,  and  an  effort  was  made  in  the 
different  experiments  to  inject  an  amount  proportional  to  the  size 
of  the  animals  used,  so  that  in  all  the  experiments  on  each  strength 
of  alcohol,  as  near  as  possible,  approximately  the  same  ratio  of 
alcohol  to  body  weight  was  used.  From  ten  to  fifteen  minutes 
were  allowed  after  the  injection  of  the  alcohol  for  absorption  be- 
fore the  animals  were  placed  in  the  flask. 

The  results  of  all  the  experiments  with  the  injection  of  alcohol  are 
summarized  in  Table  VI,  In  this  table  are  collected  together  the 
summaries  of  individual  tables  similar  in  form  to  Tables  VII— IX, 
but  which  are  not  given  here. 

The  distilled  water  used  in  the  dilution  of  the  alcohol  was  first 
injected  in  a  series  of  experiments  as  a  control,  and  a  summary 
of  the  results  is  included  in  the  table  with  the  results  of  the 
alcohol.  The  distilled  water  is  seen  to  be  without  any  effect  on 
resistance  to  lack  of  oxygen,  as  an  equal  number  (50  per  cent) 


Digitized  byGoOgIc 


Further  Studies  on  Resistance  to  Lack  of  Oxygen.     321 

of  both  controls  and  injected  were  left  alive  and  an  equal  number 
(50  per  cent)  were  dead.  Hence,  whatever  effect  on  resistance 
to  lack  of  oxygen  was  obtained  with  the  diluted  alcohol  may  be 
attributed  to  ttie  alcohol  itself,  and  not  to  the  water  used  in  dilu- 
tion.   From  the  remainder  of  the  table  it  will  be  seen  at  a  glance 

TABLE  VI. 
FuNDULUs  Injected  with  Alcohol.^ 


Sirength 
ot 

alcohol 
injected. 

Alive. 

IJead. 

Total. 

Injected. 

Controls. 

Total. 

Injected. 

Controls. 

Di»l.  H,0 

1  per  ccDt 

2  «      « 

3  '■      « 

4  "      " 

5  "      " 
10  "      « 
IS    "      " 
20   -      - 
2S    «      " 

.30   "      " 

69 
9S 
S5 
74 
71 
103 
99 
58 
% 
90 
93 

34    (S0%) 
44    (47%) 
40    (47%) 
31     (42=1) 
28    (40S) 
«    <427,) 
37    (37%) 
18    (31%) 
28    (29%) 
M    <27%) 
25    (26%) 

35    (50%) 
51    (53%) 
45    (53%) 
43    (S8%) 
43    (60%) 
60    (S8%) 
62    (63^) 
40    (69%) 
68    (71%) 
6S     (73%) 
68    (74%) 

71 

85 
55 
86 

97 

141 
102 
64 
70 
•    67 

36    (50%) 
46    (54^1 
30    (557,) 
49    (57%) 
52    (57%) 
57    (58%) 
83    (59%) 
62    (60%) 
S2    (81%) 
55    (79%) 
55  ,  (82%) 

35    (50%) 

39  (46^) 
25     (45%) 
37    (43%) 
37    (43^) 

40  (42%) 
58    (41%) 
40    {«»%) 
12    (19%) 
IS     (21%) 
12    (13%). 

Individual  tables,  are  ^ven.    With  each  per  cent  of  alcohol  at  least  eight  experi- 
mcnta  were  made. 

that  with  every  strength  of  alcohol  used  there  is  a  decrease  in 
resistance  to  lack  of  oxygen,  and  that  in  general  the  resistance 
to  lack  of  oxygen  decreases  in  proportion  as  the  strength  of  the 
alcohol  used  increases.  The  percentage  of  injected  individuals  , 
left  alive  gradually  and  steadily  decreases  from  50  per  cent  when 
distilled  water  was  used  to  26  per  cent  when  30  per  cent  alcohol 
was  used,  and  the  percentage  of  injected  individuals  which  were 
dead  steadily  increases  from  50  per  cent  with  distilled  water  to 
82  per  cent  with  30  per  cent  alcohol,  while  there  is  a  correspond- 
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ing  increase  and  decrease  in  the  percentage  of  controls  left  alive 
and  dead.     This  decrease  in  resistance  is  very  slight  with  i  and 

2  per  cent  alcohol,  where  it  is  almost  within  the  limits  of  experi- 
mental error,  but  still  it  is  a  decrease  and  not  an  increase.     With 

3  per  cent  and  higher  strengths  the  resistance  rapidly  decreases. 
There  are  certain  small  irr^ularities  which  a  careful  examina- 


TABLE  VII. 
FuHDVLns  Injected  with  10  pbi 


CBNT  Alcohol. 


Ttme  between 
injection  ind 
placing  in  flulc. 

Time  in 

Injected. 

Controls. 

AUve. 

Dead. 

Alive. 

Dead. 

2    30 
2    30 

1  40 

2  30 
2    45 
2    40 
2    15 
2    10 

2' 05 
Z    05 
Z    00 
2    00 
1    30 
I    30 
1    4S 
1    45 

5 
2 
7 
6 
5 
8 
6 
8 

S 
8 
3 

4 
5 
2 

4 

z 

7 
3 
8 
5 
7 
10 
7 
8 

3 
7 
2 
5 
3 
0 
3 
2 

Total 

47 

33 

55 

25 

Injected,  47  {46  per  a 

Injected,  33  (57  per  ci 


It).    Controls,  55  (54  per  cent), 
ni).    Controls,  25  (43  per  cent). 


tion  of  the  table  will  show.  It  will  be  noticed  that  the  percentage 
of  injected  animals  left  alive  does  not  in  many  cases  exactly  cor- 
respond to  the  percentage  of  injected  animals  which  were  dead. 
This,  however,  is  easily  explained  as  due  to  the  fact  that  the  total 
number  of  individuals,  both  injected  and  controls,  left  alive  was 
not  equal  to  the  total  number  of  injected  and  controls  which  were 
dead.  This  irregularity  would  disappear  with  the  use  of  a  still 
larger  number  of  animals  in  the  experiments  when  the  number  left 
alive  and  the  number  dead  would  become  more  nearly  equal. 
Other  small  irregularities  in  the  figures  may  also  be  noticed  as. 
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for  instance,  the  percentage  left  alive  after  the  injection  of  5  per 
cent  alcohol  (42  per  cent)  is  greater  than  the  percentage  left  alive 
after  the  injection  of  4  per  cent  (40  per  cent),  when  it  should 
have  been  less.  Also  the  percentage  left  alive  after  the  injection 
of  2  per  cent  (47  per  cent)  is  the  same  as  after  the  injection  of 
I  per  cent,  when  it  should  have  been  less.     These  irregularities 

TABLE  VIII. 
FuNDULus  Injected  with  10  fek  cent  Alcohol. 


Time  betireen 
injection 

Time  in 

fl«sk. 

Injected. 

Control*. 

Ali»e. 

Dead. 

Ali»e. 

Dead. 

20    4S' 

2    3o" 

4 

6 

4 

6 

20    45 

2    30 

4 

6 

6 

4 

18    00 

2    30 

5 

5 

4 

6 

17    00 

2    30 

8 

2 

9 

1 

17    45 

2    30 

8 

2 

6 

4 

17    45 

2    30 

8 

Z 

10 

0 

Total 

37 

23 

39 

21 

Injected,  37  (48  per  ci 
Injected,  23  (53  per  ci 


nt).    Controls,  39  (52  per  cent). 
HI).    Control*,  21  (47  per  cent). 


would  undoubtedly  disappear  with  the  use  of  larger  numbers  of 
animals,  and  they  do  not  in  any  way  vitiate  the  general  conclu- 
sion which  may  be  drawn  from  the  whole  number  of  experiments ; 
namely,  that  alcohol  doe^  not,  in  any  strength,  increase  the  resist- 
ance to  lack  of  oxygen,  but  always  causes  a  decrease,  and  in  gen- 
eral this  decrease  is  in  proportion  to  the  strength  of  the  alcohol 
used. 

Attention  is  to  be  called  to  the  fact  that,  in  general,  Fundulus 
is  very  resistant  to  the  ordinary  effects  of  alcohol.  At  no  time 
after  the  injection  of  alcohol  in  strengths  up  to  25  per  cent  were 
any,symptoms  of  intoxication  to  be  observed.  An  increased  ac- 
tivity, loss  of  equilibrium,  or  narcosis  were  never  noted.     The 
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injected  animals  could  not  be  seen  to  be  any  different  from  those 
used  as  controls. 

With  the  injection  of  30  per  cent  alcohol,  however,  effects  began 
to  be  noticed.  One  or  two  in  each  experiment  would  show  signs 
of  narcosis,  floating  belly  up  at  the  surface  of  the  water,  with  the 
respiratory  movements  much  slower  than  normal.     In  most  cases 

TABLE  IX. 
FuNDULUs  Injected  with  25  psi  cent  Alcohol. 


Time  between 
injection  and 
pladnsinfluk. 

Time  in 

Injected. 

Conlrob. 

AUre. 

Dead. 

Alive. 

DeuL 

3    SO 

1    45 

6 

4 

10 

0 

3    50 

1    45 

8 

2 

3 

7 

3    « 

2    00 

8 

2 

6 

4 

3    « 

2    00 

6 

4 

10 

0 

3    30 

2    15 

8 

2 

10 

0 

Tool 

36 

14 

39 

11 

Dead,  25    . 


Injected,  14  (56  per  cent).    Controls,  11  (44  per  cent). 


recovery  would  take  place  within  a  few  hours,  when  the  animals 
would  seem  perfectly  normal  again.  In  a  few  cases,  however,  the 
animals  would  die.  The  abdomen  in  these  cases  was  usually  very 
red,  showing  an  intense  inflammation,  brought  about,  no  doubt, 
by  the  local  irritant  action  of  the  alcohol  on  the  peritoneum. 

All  these  effects  were  more  marked  with  the  injection  of  40  per 
cent  alcohol.  About  five  out  of  ten  animals  would  be  dead  at  the 
end  of  twenty-four  hours  after  injection,  with  the  same  signs  of 
inflammation  in  the  abdomen.  With  the  injection  of  50  per  cent, 
seven  out  of  ten  anunals  were  dead,  and  with  60  per  cent  eight 
out  of  ten.  Higher  per  cents  of  alcohol  usually  resulted  in  the 
death  of  all  the  animals,  although  occasionally  one  would  survive 
the  injection  of  even  80  per  cent. 

It  has  generally  been  rect^ntzed  that  alcohol  when  taken  in 
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ordinary  doses  is  very  completely  oxidized  by  the  body,  and  that 
most  of  it  disappears  during  the  first  ten  or  twelve  hours.  At- 
water's'^  experiments  indicate  that  fully  98  per  cent  is  burned 
in  the  body,  although  the  rate  of  oxidation  is  somewhat  slower 
than  had  been  ordinarily  supposed,  no  evidence  being  found  that 
it  was  burned  any  more  rapidly  than  the  ordinary  nutrients  of 
food. 

In  order  to  determine  how  quickly  alcohol  was  oxidized  by 
Fundulus  a  series  of  experiments  were  next,  undertaken  to  de- 
termine how  quickly  the  eflfect  of  alcohol  on  resistance  to  lack  of 
oxygen  disappeared.  In  order  to  test  this  the  fish  were  left  sev- 
eral hours  after  injection  before  being  placed  under  conditions 
of  lack  of  oxygen;  the  definite  length  of  time  in  each  case  is 
given  in  the  tables.  In  the  experiments  given  in  Table  VI  from 
ten  to  fifteen  minutes  only  had  been  allowed  after  injection  be- 
fore placing  in  the  flask.    Our  results  are  shown  in  Tables  VII-IX, 

Table  VII  gives  the  results  when  between  twd  and  three  hours' 
time  after  injection  with  10  per  cent  alcohol  was  allowed  before 
placing  in  the  flask.  The  number  of  alive  injected  individuals, 
which  was  37  per  cent  (Table  VI)  when  only  a  few  minutes 
elapsed  between  injection  and  placing  in  the  flask,  has  now  risen 
to  46  per  cent.  The  number  of  dead  injected  animals,  which  was 
59  per  cent  with  the  shorter  time,  has  now  decreased  to  57  per 
cent.  These  results  indicate  that  the  effect  of  the  injection  of  10 
per  cent  alcohol  has  decreased  considerably  by  the  end  of  two  or 
three  hours. 

Table  VIII  gives  the  results  when  a  still  longer  time  (seven- 
teen to  twenty  hours)  was  allowed  between  injection  and  placing 
in  the  flask.  The  number  of  alive  injected  individuals  has  now 
risen  to  48  per  cent,  and  the  number  of  injected  dead  has  fallen 
to  53  per  cent,  which  is  nearly  within  the  limits  of  individual 
variation,  and  indicates  that  by  the  end  of  seventeen  to  twenty 
hours  the  effect  of  the  alcohol  had  practically  disappeared. 

That  a  much  shorter  time  even  than  that  is  needed  before 
the  effect  disappears  is  shown  by  Table  IX.  The  animals  were 
here  left  not  quite  four  hours  between  injecting  with  25  per  cent 
alcohol  and  placing  in  the  flask.  The  number  of  alive  injected 
animals,  which  was  27  per  cent  when  only  a  few  minutes  had 
elapsed  between  injection  and  placing  in  the  flask  (Table  VI),  has 
"  Atwater  :  LtK.  eit.,  ii,  p.  243. 


Digitized  byGoOgIc 


326  IVales  H.  Packard. 

now  risen  to  48  per  cent,  and  the  number  of  injected  dead  indi- 
viduals, which  was  79  per  cent  with  the  shorter  time,  has  now 
decreased  to  56  per  cent.  Our  results  thus  fall  in  line  with  the 
previous  work  in  showing  that  during  the  first  few  hours  alcohol 
is  oxidized  and  disappears  from  the  body. 

In  any  discussion  concerning  the  method  of  the  action  of  alcohol 
in  producing  a  decrease  in  the  resistance  to  lack  of  oxygen  there 
are  several  possibilities  which  must  be  considered. 

I.  A  possible  manner  in  which  alcohol  might  decrease  the  re- 
sistance to  lack  of  oxygen  is  suggested  by  some  experiments  on 
anasrobic  respiration  in  the  higher  plants.  It  was  in  fact  a  con- 
sideration of  these  experiments  which  led  in  the  first  place  to  the 
testing  of  the  effect  of  alcohol  on  resistance  to  lack  of  oxygen. 
Stoklassa  and  his  pupils  in  various  papers**  have  shown  that  in 
anaerobic  respiration  in  seed  plants,  alcohol  and  carbon-dioxide  are 
formed  at  the  expense  of  the  carbohydrates  present  and  in  the  same 
proportion  as  in  alcoholic  fermentation  by  yeast.  The  conclusion 
is  reached  that  the  anaerobic  metabolism  of  the  seed  plants  is  es- 
sentially identical  with  alcohoHc  fermentation  by  yeast.  The  first 
step  is  a  conversion  of  sugar  to  lactic  acid.  The  lactic  acid  is  then 
split  into  alcohol  and  carbon-dioxide.  Similar,  conclusions  have  also 
been  reached  by  Palladia  and  Kostytschew,**  who  have  found  that 
the  anaerobic  respiration  of'  etiolated  bean  and  lupine  leaves  was 
very  great  after  the  addition  of  sugars,  and  also  that  the  sugar- 
nourished  leaves  remained  living  a  much  longer  time  in  lack  of 
oxygen  than  leaves  not  so  nourished.  In  these  sugar-nourished 
leaves,  in  the  absence  of  oxygen,  alcohol  and  carbon-dioxide  were 
found  in  the  same  proportion  as  in  the  fermentation  of  sugar  by 
yeast,  and  therefore  the  ansrobic  respiration  might  be  considered 
to  be  a  true  alcoholic  fermentation. 

Now,  in  accordance  with  the  law  of  chemical  equilibrium,  the 
rate  of  any  chemical  action  decreases  as  the  products  of  the  action 
accumulate,  and  the  action  finally  ceases  when  the  products  have 
attained  a  definite  concentration.  The  accumulation  of  alcohol  in 
a  sugar  solution  undergoing  fermentation  with  yeast  gradually 

"  Stoklassa:  Zeitschrift  fur  die  gesammte  Biochemie,  1903,  iii.  Heft  11. 
Archiv  fur  die  gesammte  Physiologic,  1904,  ci.  Berichle  der  deutschen  botanischen 
Gesellschaft,  1906,  xxiv,  p.  542. 

>■  pALLADiN  und  KosTYTSCHEW :  Berichte  der  deutschen  botaoischen  Gesell- 
schaft,  i9o6,xxiv,p.  273;  1907,  xxv,  p.  51. 
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causes  the  fermentative  processes  to  cease,  and  the  addition  of 
alcohol  to  the  fermentating  solution  greatly  decreases  the  growth 
of  the  yeast.'"  Hence,  if  alcohol  is  a  product  formed  during 
respiration  in  the  absence  of  oxygen,  the  accumulation  of  alcohol 
or  the  addition  of  alcohol  to  the  tissues  would  decrease  the  amount 
of  respiration  in  proportion  to  its  concentration.  This  would 
shorten  the  length  of  time  in  which  respiratory  processes  could 
go  on  in  the  absence  of  oxygen,  and  by  that  means  decrease  the 
resistance  to  lack  of  oxygen. 

Alcohol  has  been  found  in  minute  quantities  in  the  muscles  of 
the  higher  animals,'*  It  is  probably  a  partial  decomposition 
product  of  metabolism,  but  it  is  not  known,  so  far  as  could  be 
determined,  whether  it  increases  in  quantity  or  not  under  condi- 
tions of  lack  of  oxygen;  so  no  positive 'comparison  can  be  made 
between  anasrobic  respiration  in  animals  and  in  plants,  nor  can  a 
definite  statement  be  made  as  to  whether  or  not  alcohol  acts  in 
the  manner  stated  above  in  decreasing  the  resistance  to  lack  of 
oxygen. 

2.  In  the  second  place  it  may  be  possible  that  the  products  of 
oxidation  of  the  alcohol  in  the  body  may  interfere  with  the  proc- 
esses of  protoplasmic  respiration.  Alcohol  on  oxidation  outside  the 
body  would  form  acetic  acid,  and  while  it  is  possible  that  the  oxi- 
dation in  the  body  may  not  give  rise  to  the  same  products,  yet 
Thomas  '*  has  shown  that  a  volatile  fatty  acid  is  present  in  the 
blood  of  rabbits  during  intoxication,  and  this  alkalinity  of  the  blood 
was  much  reduced.  The  nature  of  this  fatty  acid  was  not  de- 
termined, but  since  it  is  a  fact  that  formic  acid  is  excreted  after 
methyl  alcohol,*'  there  can  be  but  little  doubt  that  the  acid  is  acetic 
acid.  This  lowering  of  the  alkalinity  of  the  blood  by  the  pres- 
ence of  the  volatile  fatty  acid  arising  from  the  oxidation  of  the 
alcohol  would  greatly  decrease  the  resistance  of  the  animals  to 
lack  of  oxygen.  • 

It  is  well  known  that  acids  greatly  retard  protoplasmic  oxida- 
ticHis,  and  the  author  has  shown'*  that  the  injection  of  m/200  solu- 

^  Hodges:  Influence  of  alcohol  in  growth;  Physiological  aspects  of  liquor 
problem,  i,  p.  361. 

*•  Rajewsky  :  Archiv  fiir  die  gesammte  Physiologic,  1875,  xi,  p.  122. 

**  Thomas:  Archiv  fur  experi  men  telle  Pathologic  uod  Pharaiakologie,  sli, 
pp.  3  and  4. 

*•  Pohl:  Archiv  fiir  experimentellePathologieiind  Pharmakologie,  zxxi,  p.  z8i. 

**  Packakd:  This  journal,  1905,  xv,  p.  30. 
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tion  of  acetic  decreased  the  resistance  of  Fundulus  to  lack  of 
oxygen.  So  it  is  possible  that  the  effect  of  the  alcohol  may  be 
due  to  its  products  of  oxidation  in  the  body. 

3.  In  the  third  place  the  alcohol  may  be  conceived  of  as  affect- 
ing directly  the  respiration  of  the  protoplasm,  lowering  its  power 
of  oxidation.  There  can  be  no  doubt  that  while  alcohol  at  times 
and  in  small  quantities  may  serve  to  a  limited  extent  as  a  food, 
yet  it  acts  at  all  times  as  a  drug  and  in  large  quantities  is  posi- 
tively toxic,  acting  directly  upon  cell  tissue.  It  is  clearly  a  poison, 
retarding  or  even  preventing  metabolism,  and  as  such  would  in- 
terfere with  the  respiration  of  the  protoplasm. 

The  amount  of  alcohol  necessary  to  produce  a  poisonous  effect 
varies  greatly  with  different  living  organisms.  It  can  only  be 
considered  as  a  weak  poison.  It  has  been  shown  that  algae  can 
withstand  the  effects  of  a  2  per  cent  solution  for  twenty-four 
hours,  and  infusoria  tolerate  a  i  per  cent  solution  for  some  time." 
Martin  and  Stevens  **  have  shown,  in  the  case  of  the  isolated  heart 
of  a  dog,  that  if  the  blood  supplied  to  the  heart  contains  one  half 
of  I  per  cent  alcohol,  the  heart  is  no  longer  able  to  do  its  work. 
If  the  quantity  of  alcohol  is  less  {e.  g.,  one  fourth  of  i  per  cent), 
the  effect  on  the  heart  is  less,  while  if  the  percentage  is  only  one 
eighth  of  1  per  cent,  the  alcohol  has  no  influence  at  all. 

Grehant  '^  has  shown  that  when  the  dog  is  in  a  profound  state 
of  intoxication  the  blood  contains  only  one  half  of  i  per  cent 
alcohol.  The  presence"  of  less  than  i  per  cent  alcohol  in  the  blood 
was  sufficient  to  cause  death  from  respiratory  paralysis.  Carlson  ^* 
states  that  the  heart  of  Limulus  will  continue  to  beat  for  several 
hours  with  the  ganglion  in  one  fifth  of  i  per  cent  alcohol,  but  with 
I  per  cent  the  primary  stimulating  phase  is  soon  followed  by  de- 
pression and  ultimate  paralysis.  The  heart  muscle  itself  is  a  little 
less  sensitive. 

In  our  own  experiments  with  Fundulus  the  injection  of  10  per 
cent  alcohol,  as  given  in  the  experiments  in  Table  VII,  is  equiva- 
lent to  0.5  gm.  of  absolute  alcohol  per  100  gm.  of  body  weight, 
or  one  half  per  cent  of  alcohol  per  body  weight.  The  injection  of 
25  per  cent  alcohol  in  the  experiments  given  in  Table  IX  is  equiva- 

•*  Pliysiological  aspects  of  liquor  problem,  ii,  p.  13, 

*•  Martin  and  Stevens  :  Studies  frora  Johns  Hopkins  Biological  Laboratory, 
ii,  p.  477. 

*•  Grehant  :  Journal  de  I'anatomie,  xxxvi,  p.  143, 

»  Carlson  :  This  journal,  xrii,  p.  177. 
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lent  to  1.5  gm.  of  alcohol  per  100  gm.  of  body  weight,  or  ij^  per 
cent  alcohol  per  body  weight.  These  results  show  that  fish  are 
much  more  resistant  to  the  toxic  action  of  alcohol  than  is  the  dog, 
for  the  injection  of  1,5  gm.  of  alcohol  per  100  gm.  of  body  weight 
was  not  sufficient  to  cause  the  death  of  the  animals.  Although  the 
quantity  above  mentioned  was  not  sufficient  to  cause  death,  it  may 
have  been  great  enough  to  have  exerted  a  poisonous  action  upon 
the  cell  tissue  sufficient  to  have  decreased  the  resistance  to  lack  of 
oxygen  to  the  extent  obtained  in  the  experiments,  and  thus  the 
action  of  alccJiol  in  decreasing  I'esistance  to  lack  of  oxygen  may 
be  explained  on  the  basis  of  its  toxic  action  upon  protoplasm. 
When  one  considers  the  amount  of  alcohol  which  it  is  necessary 
to  inject  before  any  great  decrease  in  resistance  to  lack  of  oxygen 
is  obtained,  it  seems  as  if  the  view  that  alcohol  acts  as  a  weak 
poison  must  be  the  more  probable  explanation  as  to  the  manner 
in  which  alcohol  acts  in  decreasing  resistance  to  lack  of  oxygen. 

V.  Effect  of  Acetone  on  Resistance  to  Lack  of  Oxygen. 

Acetone  was  found  by  Palladin  and  Kostytschew  **  to  be  formed 
along  with  alcohol,  under  certain  conditions,  both  in  aerobic  and 
anaerobic  respiration  of  living  and  frozen  plants.  Acetone  is  also 
found  in  the  urine  in  diabetes  mellitus  and  fevers,"*  where  it  is 
supposed  to  be  the  result  of  an  abnormal  metabolism  of  the  body's 
organized  proteid.  It  is  also  found  in  the  urine  in  other  diseases 
in  which  there  is  an  abundant  destruction  of  body  proteid. 

As  very  little  seemed  to  be  known  in  regard  to  the  pharmacolog- 
ical action  of  acetone,  it  was  determined  to  test  its  effect  on  re- 
sistance to  lack  of  oxygen.  Acetone  when  treated  with  hydrogen 
is  resolved  into  secondary  propyl  alcohol,  and  it  was  hoped  that 
it  might  perhaps  be  able  to  act  as  a  depolarizer,  as  the  sugars  do, 
and  increase  the  resistance  to  lack  of  oxygen.  Our  results  as 
summarized  in  Table  X  show  that  this  is  not  the  case,  for  when 
acetone  was  injected  in  solutions  strong  enough  to  produce  any 
effect  on  resistance  to  lack  of  oxygen  it  always  caused  a  decrease 
and  never  an  increase.  The  injection  of  0,1  per  cent  acetone  had 
no  effect  upon  the  resistance  to  lack  of  oxygen,  as  an  equal  number 
of  injected  and  controls  were  left  alive  and  an  equal  number  were 

**  Palladin  und  Kostytschew:  Bericbte  der  deutscben  botanischen  Gesell- 
achaft,  1906.  xxiv,  p.  273. 

*  Jaksch  :  Ueber  Acetonude  und  Diacetnria,  1885. 
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dead.  0.5  per  cent  acetone  caused  a  decrease  in  the  resistance  to 
lack  of  oxygen.  Only  40  per  cent  of  the  injected  were  left  alive, 
while  68  per  cent  of  the  injected  were  dead. 

There  is  a  still  further  decrease  in  the  resistance  to  lack  of  oxy- 
gen with  the  injection  of  5  per  cent,  though  the  effect  is  not  so 
great  as  might  be  suj^osed  from  the  sudden  increase  in  the  strength 
of  the  acetone  used.     Thirty-eight  per  cent  of  the  injected  were 

TABLE  X. 
FuNDVLUs  Injected  Acbtohe.1 


StTCI^h 

Alive. 

Dead. 

injected. 

Total. 

Inieaed. 

Total. 

Injected. 

ConlroU. 

pwnu. 
0.1 

0.5 

5.0 

7Z 
74 
86 

36  (50%) 
29(40%) 
33  (38%) 

36(50%) 
45(60%) 
S3(6ZS) 

68 
46 
34 

34(50%) 
31(68%) 

27(79%) 

34(S0%) 
IS  (32%) 
7  (21%) 

1  In  ihis  table  the  aummariei  onljr  of  individual  Ubiea  are  used.    With  each  per 

to  fifteen  minotes  wece  allowed'  for  the  >b«orplioii  of  the  acetone  after  injectioD 
before  placing  in  the  fladc. 

left  alive,  and  79  per  cent  were  dead.  A  series  of  control  experi- 
ments were  made  to  test  any  effect  the  acetone  might  have  on  the 
normal  animals  when  they  were  not  placed  under  conditions  of 
lack  of  oxygen.  The  injection  of  0.5  per  cent  acetone  was  fol- 
lowed by  no  effect  that  could  be  perceived.  The  animals  seemed 
perfectly  normal  at  all  times.  After  the  injection  of  5  per  cent 
acetone  a  few  of  the  animals  would  show  signs  of  narcosis  within 
a  few  minutes,  usually  floating  at  the  surface  of  the  water,  with 
the  rate  of  respiratory  movements  much  slower  than  normal. 
Recovery,  however,  took  place  after  one  to  two  hours,  and  the 
animals  seemed  perfectly  normal  again.  The  injection  of  lO  per 
cent  acetone  was  followed  by  signs  of  narcosis  in  a  greater  nimiber 
of  animals,  and  usually  at  the  end  of  twenty-four  hours  two  or 
three  individuals  out  of  ten  animals  would  be  dead.  It  was  there- 
fore deemed  useless  to  test  the  effect  of  this  strength  or  any 
stronger  solution  on  resistance  to  lack  of  oxygen. 
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Lack  of  time  prevented  the  carrying  out  of  experiments  to  de- 
termine how  quickly  the  effect  of  the  acetone  disappeared.'  It  may 
be  judged,  from  the  rather  quick  recovery  that  the  animals  made 
from  the  narcotic  effects,  that  the  acetone  is  oxidized  and  elimi- 
nated frcan  the  body  more  quickly  than  alcohol.  Acetone  produces 
narcosis  more  quickly  and  in  weaker  solutions  than  does  alcohol, 
and  its  effects  coyespondingly  more  quickly  disappear. 

VI.  The  Effect  of  Pilocarpine  on  Resistance  to  Lack  of 
Oxygen, 

Mathews  ^'  has  shown  that  the  addition  of  small  amounts  of 
pilocarpine  hydrochlorate  to  sea  water  (0.5  c.c.  to  I  c.c.  of  one  half 
per  cent  pilocarpine  to  100  c.c.  of  sea  water)  hastens  the  develop- 
ment of  embryos  of  starfish  and  sea-urchins  and  gives  rise  to  ab- 
normally large  embryos.  The  explanation  given  is  that  the  nature 
of  the  action  suggests  that  pilocarpine  increases  the  oxidations 
taking  place  in  the  cells.  Sollmann  *^  gives  the  same  results. 
Pilocarpine  added  to  sea  water  in  concentration  of  0.2  to  2.0  :  10,000 
hastened  the  development  of  starfish  to  embryos.  Larger  doses 
produced  the  opposite  effect. 

If  pilocarpine  increases  the  oxidations  of  the  protoplasm,  there 
are  two  possibilities  as  to  what  its  effect  might  be  on  resistance 
■  to  lack  of  oxygen.  The  effect  of  the  drug  might  be  an  increased 
power  of  oxidation,  in  which  case  the  resistance  to  lack  of  oxygen 
would  be  increased.  Or  the  effect  might  be  an  increased  rapidity 
in  the  oxidative  processes,  in  which  case  under  condition  of  lack 
of  oxygen  the  available  supply  of  oxygen  and  oxidizable  sub- 
stances would  be  more  quickly  exhausted  and  the  resistance  to 
lack  of  oxygen  would  be  decreased.  The  results  of  our  experi- 
ments summarized  in  Table  XI  show  that  the  latter  is  the  case, 
for  when  pilocarpine  was  injected  in  solutions  strong  enough  to 
have  any  effect  on  resistance  to  lack  of  oxygen  it  always  caused 
a  decrease  and  never  an  increase. 

The  injection  of  0.01  per  cent  pilocarpine  produced  no  effect 
on  resistance  to  lack  of  oxygen,  as  exactly  an  equal  number  of 
injected  animals  (50  per  cent)  were  left  alive  and  were  dead  and 
a  correspondingly  equal  number  of  controls  were  left  alive  and 
were  dead.     With  the  injection  of  0.05  per  cent  the  number  of 

•'  Mathews:  This  journal,  1901,  vi,  p.  207. 
**  Sollmann:  This  journal,  19041  x,  p.  351. 
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alive  injected  animals  has  fallen  to  27  per  cent  and  the  number  of 
dead  injected  individuals  has  increased  to  68  per  cent.  The  effect 
is  still  more  marked  with  the  injection  of  0,1  per  cent.  The  num- 
ber of  alive  injected  animals  is  now  only  23  per  cent,  while  the 
number  of  dead  injected  is  72  per  cent. 

In  control  experiments  where  the  animals  were  not  placed  under 
conditions  of  lack  of  oxygen  but  were  left  ii^  running  water  for 

TABLE  xr. 

FUHDULUS   iNJECrED  WITH   PILOCARPINE.^ 


Strength 

carpine 
injected. 

AWve. 

Dead. 

Total, 

Injected. 

Controls. 

Total. 

Injected. 

Controls. 

001  " 

005 

0.1 

106 
52 
62 

S3  (50^) 
14(27%) 
14  {2i%) 

53  (50%) 
38  (73%) 
48  (77%) 

94 
68 

78 

47  (50%) 
46(682) 
56 (72%) 

47  (50%) 
22  (32%) 
22(28%) 

I  In  this  table  the  •ummarle 
per  cent  of  pilocarpine  at  least 
minutes  were  allowed  for  absor^ 
In  the  flask. 

only  of  individual  tables  are  given.    With  each 
eight  experiments  were  made.     From  ten  to  fifteen 
tion  of  the  pilocarpine  after  injection  before  placing 

many  hours  after  injection,  the  injection  of  0.05  per  cent  pilocar- 
pine produced  no  visible  effect  on  the  animals.  Their  activities, 
so  far  as  could  be  seen,  seemed  perfectly  normal.  The  injection 
of  0.1  per  cent  would  generally  cause  the  death  of  about  one  ani- 
mal out  of  ten  at  the  end  of  twenty-four  hours.  This  effect  was 
still  greater  with  the  injection  of  0.5  per  cent,  which  would  cause 
the  death  of  about  three  animals  out  of  every  ten.  Doses  of  this 
strength  were  therefore  poisonous,  and  could  not  be  used  in  test- 
ing the  effect  on  resistance  to  lack  of  oxygen. 

No  experiments  were  made  to  determine  how  long  the  effect 
of  pilocarpine  in  decreasing  resistance  of  lack  of  oxygen  would 
last. 

Summary. 

I.  Mannose,  when  injected  intraperitoneally  into  Fundulus  heter- 
oclitis,  increases  their  resistance  to  lack  of  oxygen.     Its  effect  is 
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the  same  as  that  found  in  previous  work  for  maltose,  glucose,  and 
laevulose,  and  the  same  explanation  of  its  action  is  given ;  namely, 
that  it  acts  as  a  depolarizer  in  the  processes  of  protoplasmic  respira- 
tion. Galactose  is  apparently  not  absorbed  from  the  body  cavity 
and  so  cannot  increase  the  resistance  to  lack  of  oxygen. 

2.  Linseed  oil  and  olive  oil  when  fed  into  the  stomach  by  means 
of  a  pipette  have  no  effect  on  resistance  to  lack  of  oxygen.  It  couid 
not  be  determined  whether  the  fats  were  absorbed  or  not.  Linseed 
oil  when  injected  intraperitoneally  causes  a  decrease  in  the  resist- 
ance to  lack  of  oxygen.  The  oil  was  probably  not  absorbed  from 
the  body  cavity,  and  no  explanation  of  this  effect  is  suggested. 
No  importance  is  ^tached  to  this  result  from  the  standpoint  of 
respiration. 

3.  Ethyl  alcohol  in  concentration  of  40  per  cent  and  upward 
produces  death  in  some  of  the  animals  injected.  In  all  strengths 
below  this  it  causes  a  uniform  decrease  in  resistance  to  lack  of 
oxygen.  The  decrease  is  slight  with  1  per  cent,  but  gradually  grows 
greater  in  proportion  as  the  strength  of  alcohol  used  is  increased. 
The  effect  of  the  alcohol  is  probably  due  to  its  toxic  action  on  the 
protoplasm,  lowering  its  powers  of  respiration.  The  alcohol  is 
oxidized  within  four  or  five  hours  after  injection,  and  the  effect 
on  resistance  to  lack  of  oxygen  disappears. 

4.  Acetone  causes  a  decrease  in  resistance  to  lack  of  oxygen  in 
all  strengths  from  0.5  per  cent  up  to  that  whfch  is  poisonous  and 
produces  death  (5.0  per  cent).  Weaker  solutions  have  no  effect. 
Acetone  is  thus  more  toxic  than  alcohol,  but  probably  acts  in  the 
same  manner  as  alcohol. 

5.  Pilocarpine  in  strengths  from  0.05  per  cent  to  o.i  per  cent 
causes  a  decrease  in  resistance  to  lack  of  oxygen  in  proportion  to 
the  concentration  used.  Weaker  solutions  have  no  effect,  and 
stronger  solutions  are  poisonous.  Since  pilocarpine  is  supposed 
to  increase  the  oxidations  of  the  protoplasm,  this  effect  is  prob- 
ably due  to  the  more  rapid  use  of  the  available  oxidizable  sub- 
stances, which  shortens  the  length  of  life  in  lack  of  oxygen. 

I  wish  to  thank  the  Director  and  Assistant  Director  of  the 
Marine  Biological  Laboratory  for  the  privilege  of  occupying  a  re- 
search room.  My  thanks  are  aJso  due  to  Prof.  A.  P.  Mathews 
for  assistance  and  direction. 
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THE  DIRECT  UTILIZATION*  OF  THE  COMMON 
SUGARS  BY  THE  TISSUES. 

Br  HUGH  McGUIGAN. 

[Frmt  llu  LaioTOtrry  ef  PhjiiielBgy  and  Piarmatohgy,   Wtukingtan  Unitiern^, 
St.  Lima,  Miaetin.] 

THE  form  in  which  carbohydrates  must  reach  the  tissues  to  be 
available  as  food  is  not  definitely  known.  Many  believe  that 
dextrose  is  used  directly  as  such.  Others  think  that  it  must  be 
polymerized  and  reach  the  tissues  as  glycogen  or  in  some  other 
colloidal  form  before  it  is  oxidized.*  The  mechanism  of  the  oxida- 
tion is  a  priori  little  understood.  Regarding  the  fate  of  levulose 
much  more  uncertainty  prevails ;  by  many  it  is  held  that  the  levTi- 
lose  is  converted  into  glycogen,  and  this  again  into  dextrose,  before 
oxidation  into  its  final  products,  Lobry  de  Bruyn  and  Van  Ecken- 
stein'  have  shown  that  such  a  transformation  is  possible  in  vitro. 
It  is  well  known  that  under  some  conditions  these  sugars  act  very 
differently  in  the  economy.  It  is  also  known  that  the  ease  with 
which  they  are  oxidized  is  different,^  The  sugar  of  the  blood  exists 
normally  in  colloidal  combination.*  This  is  taken  by  some  to  mean 
that  the  colloidal  form  only  is  used  in  the  economy.  The  present 
research  is  an  attempt  to  determine  the  forms  in  which  sugar  can 
be  utilized  by  the  tissues. 

'  Van  Noorden  :  Diabetes,  New  York,  19^5,  p.  57.  See,  also,  Lusk  :  Science 
of  nutrition,  p.  240;   Pavy  :  The  carbohydrates,  London,  1906. 

'  LoBRV  DE  Bruyn  and  Ai.berda  Van  Eckenstein  :  Berichte  der  deutschen 
chemischen  Gesellschaft,  189;,  xxviii.p.  3078  ;  Lobry  DE  Briivn  and  Van  Lunt: 
/bid .  1907,  xjtix,  p-594:  Bulletin  de  la  Soci^t^  de  Chemie  de  Pads,  (3)  xv;  Che- 
tDlsches  Centralblatt,  1896,  ii,  and  1S97,  ii. 

•  BuszEL,  H.  H.:  This  journal,  1908,  xxi,  p.  aj;  McGuigah,  H.:  /hid,  1907, 
xix.  p.  175  ;  Mathews,  A.  P. :  /bid.,  1907,  xix,  p.  1(19. 

*  LOEWi:  Arcbiv  fur  experimentelle  Pathologie  und  Pharmakologie,  1903,  xlviii, 
p.  4ro;  Pavy:  The  carbohydrates,  1905,  p.  69;  Stiles  and  LusK  ;  Science  of 
nutrition  (Lusk),  [906,  p.  zzS  ;  McGuiGAN  and  BROOKS:  This  journal,  1907, 
zviii,  p.  256. 
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Method. 

The  method  of  investigation  consisted  essentially  of  perfusing 
organs  with  the  sugars  under  consideration,^  Animals  were  bled 
to  death  under  ether  anesthesia;  the  defibrinated  blood  was  fil- 
tered through  cheese  cloth  and  diluted  with  Ringer-Locke's  solu- 
tion and  kept  at  37°— 40°  C.  during  the  perfusion.  A  known  quan- 
tity of  sugar  was  added  to  this  solution,  and  the  amount  of  sugar 
in  the  whole  determined  at  once  by  Pavy's  method.  The  organ 
was  perfused  through  the  artery  with  the  solution  at  a  temperature 
of  37°-40°  and  collected  from  the  vein.  The  amount  of  the  loss 
of  sugar  could  thus  W  determined.  Details  and  explanations  are 
gfiven  in  the  protocols. 

Decemb«i  10,  1907.  —  Perfusion  of  cat's  hind  legs  with  dextrose 
solution. 

3.10.  Cat  bled,  90  c.c.  blood  diluted  to  400  c.c.  with  Ringer- 
Locke's  solution  and  sugar  added.  Sugar  content  3.1916  per 
thousand. 

3.20.     Perfusion  commenced.    37"  C. 

3.25,  Electrical  stimulation  of  muscles,  25  per  minute,  gave 
double  contractions.  The  blood  leaving  the  veins  was  very  dark 
in  color  and  was  oxygenated  by  shaking  with  th?  air  between  each 
perfusion. 

3.30.     125  c.c.  ran  from  the  vein  in  ten  minutes. 

3.37.     First  perfusion  ended.     Sample  II  taken  for  analysis. 

3.50.     Second  perfusion  ended. 

4.05.     Third  perfusion  ended. 

4.29.     Fourth  perfusion  ended. 

4,35,  Fifth  perfusion  ended.  Blood  squeezed  from  tissues  by 
hand. 

Summary  of  results.  — 

Blood'before  perfusion  contained  3.1916  sugar  per  litre 


Blood  after  first      perfusion  {20  mi 
Blood  after  second  perfusion  (y 
Blood  after  third     perfusion  (45  m: 
Blood  after  fourth  perfusion  {65  mi 
Blood  after  fifth      perfusion  (71  mi 


from  beginning)  2.9659  sugar 

from  beginning)  2.7750  sugar 

.  from  beginning)  Z.4736  sugar 

from  beginning)  1-9473  sugar 

.  from  beginning)  1.5384  sugar 


*  The  apparatus  used  was  thai  designed  by  Guthrie  and  Pike  and  described 
Id  this  journal,  190;,  xviii,  p.  15. 
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It  is  readily  seen  that  a  large  reduction  of  sugar  has  taken  place. 
This  loss,  however,  could  be  accounted  for  in  one  of  several  ways: 
(i)  by  actual  oxidation;  or  (2)  by  leakage  into  the  surrounding 
tissues;  or  (3)  by  storage  as  glycogen  or  other  forms  in  the  tis- 
sues. Examination  shows  that  there  is  an  actual  combustion  of 
the  sugar,  that  there  is  no  glycogen  formation,  and  that  while 
transudation  occurs  it  accounts  for  only  a  part  of  the  loss. 

DeoomtMr  13,  1907.  —  Experiment  to  determine  whether  the  liver  uses 
sugar  in  work.  A  medium-sized  cat  was  taken.  The  liver  was 
perfused  through  the  portal  vein.  One  lobe  was  tied  off  at  the 
banning  of  the  experiment  to  be  analyzed  for  glycogen  and 
sugar.  Another  part  was  taken  at  the  end  of  the  experiment  for 
the  same  purpose. 

1.50.  Cat  bled,  42  c.c.  blood  to  which  6  cc  10  per  cent  glucose 
was  added,  and  l:he  volume  made  to  200  c.c.  with  Ringer- Locke's 
solution. 

2.00.     Perfusion  started.    Sample  I  taken. 

2.10.     First  perfusion  ended.    Sample  II  taken. 

3,00.     After  perfusing  many  times  Sample  III  was  taken. 

The  blood  leaving  the  veins  was  very  dark  in  color.     The  per- 
fusion pressure  was  22  cm.  of  blood. 
Results  of  analysis  of  perfused  blood.  — 

Sample     I    ^ 8.2058  per  mille  sugar 

Sample    11 7.0961  per  mille  sugar 

Sample  III 6.7796  per  mille  sugar 

A  marked  destruction  of  sugar  is  apparent.  Unfortunately  one 
of  the  flasks  ccwitaining  the  liver  samples  "for  glycf^n  was  acci- 
dentally broken,  and  it  was  impossible  to  determine  whether  or  not 
there  was  a  glycogen  storage.  However,  a  second  experiment  car- 
ried out  in  the  same  manner  for  the  determination  of  glycogen  and 
sugar  in  the  liver  showed  no  storage  of  glycc^n  under  the  ctmdi- 
tions  of  the  experiment.  By  a  more  rapid  restoration  of  the  cir- 
culation a  storage  of  glycogen  occurs  in  the  liver." 

13,  1907.  —  Utilization  of  sugar  by  the  liv^. 
3.24.     Cat  anaesthetized  and  bled  39  cc.    This  was  mixed  with 
50  c.c.  from  another  cat  and  defibrinated     10  cc.  10  per  cent  dex- 
trose was  added  and  the  whole  made  to  600  cc  with  Ringer- 
Locke's  solution  and  analyzed. 

•  Grl'BE:  Journal  ot  physiology,  1903,  xiiz,  p.  376. 
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3.47.  Commenced  perfusion  through  both  portal  vein  and 
hepatic  artery. 

3.50.     Ligated  lobe  i  of  liver.     Sample  I  taken. 

3.53.     84  c.c.  blood  perfused. in  eight  minutes. 

3.59.     Sample  II  taken. 

4.10.  Perfusion  rate  53  c,c.  in  two  minutes.  The  same  blood 
(100  C.C.)  being  used  repeatedly, 

4.25.     Sample  III  taken.    Perfusion  rate  60  c.c.  in  two  minutes. 

4,37,     Sample  IV  taken.    Hepatic  artery  shut  oflf. 

4.30.     Sample   V  taken.    Perfusion  rate  56  c.c.  in  three  minutes. 

Results  of  analysis.  — 

Blood  at  beginning 8,9000  per  miUe 

Sample    II  after    9  minutes 8.i2cxjpermille 

Sample  III  after  35  minutes   ......  9,iooopermille 

Sample  IV  after  37  minutes 6.6400  per  mille 

Sample     V  after  40  minutes 2,5600  per  mille 

Lobe  I  at  beginning  (glycc^en  and  sugar)     ,  1,0154  per  cent 

Lobe  2  at  end  (glycogen  and  sugar)     .     ,     .  0.4325  per  cent 

Instead  of  a  storing,  a  loss  of  glycogen  took  place. 
O0oambar  17,  1907.  —  Experiment  to  show  that  the  liver  «ses  sugar  in 
work.    Cat's  liver  perfused  with  oxygenated  cat's_  blood. 

1.25,  Cat  bled  65  c.c.  Diluted  with  Locke's  solution;  sugar 
added  and  volume  made  to  260  c.c. 

1.34,  Perfusion  started  through  portal  vein.  Lobe  I  tied  off 
for  control.    Sample  I  for  sugar  analysis  taken,  25  c,c. 

1.42.     Perfusion  rate  100  cc.  in  six  minutes. 

1.50.     Perfusion  rate  95  c.c.  in  eight  minutes. 

1,57.     Second  perfusion  ended. 

2,04,     Sample   II  taken,  lobe  2  of  liver  tied  off. 

2.36.     Sample  III  taken. 

2.59.     Sample  IV  taken,  125  c.c.  remained. 


Total  weight  of  liver 
Weight  of  lobe  i 
Weight  of  lobe  2     . 
Weight  of  lobe  3     . 


65.00  gm. 
7.50  gm, 
6.50  gm. 

25.50  gm. 


Results  of  analysis.  —  Per  cent. 

Blood  at  beginning  of  experiment  ....  0.7680 

Sample    II  after  perfusing  for  30  minutes  .  0,6440 

Sample  III  after  perfusing  for  58  minutes  ,  0.6180 

Sample  IV  after  perfusing  for  85  minutes  .  0.6520 
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Per  cent. 

Glycogen  as  sugar,  lobe  i 0.8666 

Glycogen  as  sugar,  lobe  2 0.7692 

Glycc^en  as  sugar,  lobe  3 0.8520 

Sugar  as  such,  lobe  i    . ' 0.4666 

Sugar  as  such,  lobe  2 0,4230 

Sugar  as  such,  lobe  3 0.2640 

Total  carbohydrates,  lobe  i ^-3332 

Total  carbohydrates,  lobe  2 1. 1922 

Total  carbcAydrates,  lobe  3 I.I160 

No  glycogen  was  stored.  In  fact  some  was  lost,  but  there  was 
a  constant  loss  of  sugar,  which  shows  that  the  sugar-destroying 
power  persists  for  some  time  after  the  glycogen-storing  function 
is  lost.  Under  proper  precautions  a  glycogen-storing  power  can 
be  demonstrated  by  perfusion.*  Embden  '  states  that  if  a  glycogen- 
free  liver  be  perfused  with  normal  blood,  an  increase  in  sugar  may 
take  place.  A  probable  explanation  for  this  is  given  by  Lusk.* 
He  thinks  that  such  substances  as  lactic  acid,  glycolaldehyde,  etc., 
may  account  for  the  glycogen  formation.  Such  results  cannot  be 
expected  in  the  isolated  liver.  For  a  time  the  blood  coming  from 
the  liver  may  show  an  increase  in  .sugar,  due  to  hydrolysis  of  the 
liver  glycogen.  • 

nia  ntUisatlon  of  dAxtroae  by  tha  mniolaB.     Deoetnber  19,  1907.  — Per- 
fusion of  hind -legs  of  rabbit.    Weight  2400  gm. 

1 1 . 1 5.  Killed  by  blow  on  head  and  blood  collected,  50  c.c. ;  this 
was  made  to  400  c.c,  with  Ringer-Locke's  solution  plus  6  c.c.  10  per 
cent  dextrose. 

11.29.  Sample  I,  25  c.c.  taken  for  analysis.  Sample  II,  25  c.c. 
set  aside  at  40°  to  determine  glycolysis, 

11.30.  Perfusion  commenced  and  legs  stimulated  30  times  per 
minute. 

11.48.     First  perfusion  ended.     Sample  III  taken. 

12.07.     Second  perfusion  ended. 

I2.c^.     Sample  IV  taken. 

12.18.     Third'  perfusion  ended.     Sample  V  taken. 

12.32.     Fourth  perfusion  ended.    Sample  VI  taken. 

Time  of  perfusion,  one  hour  and  two  minutes, 

•  Grdbe  :  Journal  of  physiology,  1903,  xxix,  p.  276. 
'  Embden  :  Hofmeisters  Beitrage,  1904,  vi,  p.  44. 

•  LusK  :  Loc,  cit.,  p.  232. 
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Results.  — 

Blood  used  for  samples 150  c.c. 

Amount  recovered  at  end  of  experiment 1 10  c,c. 

Amount  lost  in  perfusitxi  by  transudatiwi  and  collateral 

circulation I40C,c. 

Sample    I  su^r  content  at  beginning 0.1790^ 

Sample  II  sugar  content  at  40°   for  1  hour  (glycolysis, 

0.0136  per  cent) 0,1654^ 

Sample  III  sug^r  content  after  perfusing  18  minutes    .     .  o.r6i6* 

Sample  IV  sugar  content  after  perfusing  44  minutes    .     .  0.1552* 

Sample   V  sugar  content  after  perfusing  62  minutes    ,     .  0.1480''' 

The  perfused  legs  were  left  after  the  perfusion  in  the  open  room 
until  1.50  p.  M.  (one  hour  and  thirty  minutes)  and  again  perfused. 
By  this  time  there  was  no  reaction  to  stimulation.  1 10  cc.  of  the 
blood  left  from  the  previous  experiment  was  made  to  300  c.c.  with 
Ringer-Locke's  solution  and  5  c.c.  10  per  cent  (approximately) 
dextrose  solution  added. 

1.50.  Sample  I,  25  cc.  taken  for  analysis. 

1.52.  Perfusion  commenced. 

2.15,  Blood  perfused  twice.     Sample  II  taken. 

2,35,  Blood  again  perfused  twice.    Sample  IV  taken, 

2.50.  Blood  again  perfused  twice.     Sample  V  taken. 

Results  of  analysts.  —  Per  cent. 

Sample     I  sugar  content 0.2340 

Sample  II  sugar  content 0.2280 

Sample  III  sugar  content 0.2060 

Sample  IV  sugar  content 0.1800 

Sample   V  sugar  content lost 

In  this  case  the  leg  was  inactive  to  stimulation.  The  cells  were 
either  dying  or  were  already  dead.  Yet  there  was  a  sugar  loss. 
It  could  not  have  been  stored  as  glycogen  in  this  case,  and  either 
( I )  the  slowly  dying  cells  use  sugar  after  they  are  unable  to  re- 
spond to  stimulation,  or  (2)  there  was  a  transudation  of  sugar 
into  the  tissues,  or  (3)  the  mere  perfusion  through  such  a  me- 
chanical device  may  oxidize  the  sugar.  Before  we  can  say  that 
the  tissues  use  sugar  directly,  these  questions  must  be  answered. 

December   19,  1907.  —  Second  experiment.     Dead  leg  perfused  with 
dextrose  showed  practically  no  loss  of  sugar,  but  a  marked  transu- 
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dation  of  the  sugar  into  the  tissues  resulted.    The  experiment  was 
repeated  with  £alactos«  with  practically  the  same  results.     The 
figures  obtained  are  given  .under  the  discussion  of  that  sugar. 
December  26,  1907.  —  The  legs  of  the  d<^  were  perfused  as  before, 
except  that  the. legs  were  cut  from  the  body, 

10.18.     Dog  bled  220.  C.C.,  made  to  400  c.c.  with  Ringer-Locke's 
solution  and  4  c.c.  10  per  cent  sugar  solution  added. 

10.40.    Sample  I  taken  for  immediate  analysis,  and  Sample  II 
set  aside  for  glycolysis. 

10.45.     Perfusion  commenced. 

10.54.     Stimulation  32  per  minute  gave  strong  response. 

11.12.     First  perfusion  ended.     300  c.c.  ran  through  in  thirty- 
seven  minutes. 

11.42.     Second  perfusion  ended. 

12.07.     Third  perfusion  ended. 

12,35.     Fourth  perfusion  ended. 
1.02.     Fifth  perfusion  ended. 

Time,  two  hours  and  seventeen  minutes.    The  leg  still  responded 
when  stimulated. 

Results.  —  Per  cent.  Gm. 

Blood  at  beginning  of  perfusion  400  c.c.  .     .  0.1510  0.6040 

Blood  at  end  of  perfusion  266  c.c 0.1090  0.2899 

Sugar  in  non-perfused  leg 0.1588 

Glycogen  in  non-perfused  leg 0.08 

Weight  of  non-perfused  leg  245  gm. 

Total  carbohydrate  as  dextrose  in  non- 
perfused  leg    ........     .  0.2388  0.5850 

Sugar  in  perfused  leg o-i775 

Glycogen  in  perfused  leg 0.08 

Weight  of  leg  262  gm.  after  perfusion 

Gain  of  sugar  in  leg  by  perfusion  ....  0.0896 

Total  carbohydrate  as  dextrose  in   leg 

after  perfusion 0-2575  0.6746 

Sugar  recovered 'from  Sample     I     .     .     .     .  0.1510  O.0375 

Sugar  recovered  from  Sample  II     ...     .  0.1350  0.0338 

Sugar  in  blood  at  end  (226  c.c.)     ....  0.1090  0.2899 

Total  sugar  accounted  for  at  end  .     .     .• I-0358 

Total  sugar  at  beginning 1.1890 

Loss  in  perfusion 0.1432 

Loss  that  could  have  occurred  by  glycolysis 

alone  in  the  350  c.c.  blood  perfused  .     .     .  0.016  0,0560 
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When  everything  is  taken  into  consideration,  there  is  still  a  loss 
of  sugar.  A  leg  weighing  262  gm.  in  this  case  used  0.0872  gm. 
dextrose  in  two  hours  when  the  concentration  of  the  sugar  in  the 
blood  was  about  normal  (0.1510  per  cent)  ;  with  a  stronger  concen- 
tration a  greater  amount  of  sugar  is  oxidized. 

jftDnar;  19,  1908.  —  The  utilization  of  levulose.  ' 

lo.oo.  A  young  dog,  weight  12  kilos,  was  bled  to  death  as  in 
the  previous  experiments.  500  c.c.  defibrinated  blood  was  made  to 
800  c.c.  with  Ringer -Locke's  solution  with  the  addition  of  90  c.c. 
5  per  cent  levulose  (approximately). 

10.30.  Perfusion  of  leg  started.  Sample  I,  25  c.c.  taken  for 
sugar  determination.  Sample  II,  25  c.c.  set  aside  for  glycolysis  at 
40°  C.  during  the  perfusion, 

10.55.     Fii'st  perfusion  ended,  400  c.c.     Sample  III  taken. 

Stimulation  30  per  minute.    Gave  double  contractions. 
Second  perfusion  ended  and  Sample  IV  taken, 
12.35.     Third  perfusion  ended.     Sample  V  taken, 
i.oo.     Fourth  perfusion  ended.     Sample  VI  taken  after  blood 
was  squeezed  from  leg. 

Weight  of  perfused   leg 1000  gm. 

Weight  of  non-perfused  leg 1050  gnt 

Weight  of  muscle  of  perfused  leg.     .     .      610  gm. 
Weight  of  muscle  of  non-perfused  leg   .      620  gm. 

100  gm.  of  muscle  from  each  leg  was  taken  for  glycogen  and 
sugar  determinaticKi. 

VIII.     100  gm.  perfused  leg  for  sugar. 
IX.     roo  gm.  perfused  leg  for  glycc^en, 
X.     100  gm.  non-perfused  leg  for  sugar. 
XI.     100  gm.  non-perfused  leg  for  glycogen. 

Results  of  analysis.  —  P^,  £,„,_ 

I.     Sugar  at  beginning 0-5472 

II,     Sugar  after  glycolysis  at  40°  C.  during  the  perfusion    .  0.5432 

III.  Sugar  after  first  perfusion  (25  minutes) 0.5068 

IV.  Sugar  after  second  perfusion  (50  minutes)  .  .  .  .  .  O.4628 
V.     Sugar  after  third  perfusion  (2  hours,  5  minutes)  .     .     .  0.4348 

VI,     Sugar  after  fourth  perfusion  (2  hours;  30  minutes)  .     .    0.4348 

In  the  last  case  the  blood  was  squeezed  from  the  tissues. 

Gm. 
Sugar  in  non-perfused  leg,  0.12  per  cent,  1050  gm.  .  1.260 
Sugar  in  perfused  leg,  0.1645  per  cent,  1000  gm.    .     .     1.645 
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Gm. 

Gain  in  perfused  leg 0.4045 

Glycogen,  no  difference  in  legs,  0.08  per  cent  in  each. 

Sugar  in  blood  500  c,c.  at  beginning,  0.5432  per  cent  .  2.7160 

Sugar  in  blood  310  c.c.  at  end,  0.4348  per  cent  .     .     ,  I-3478 

Total  loss  of  sugar  from  blood 1.3^2 

Sugar  recovered  from  Samples  III,  IV,  and  V  .     .     .  0.3508 

Difference  in  carbohydrate  content  of  muscles  at  end  .  0.3850 

Total  sugar  loss 0.6324 

The  amount  of  dextrose  in  the  original  blood  was  not  deter- 
mined, but  if  this  be  calculated  at  one  part  per  thousand,  there 
would  be  312  c.c,  or  0.3120  gm.  dextrose.  And  if  we  admit  that 
the  dextrose  is  used  first,  which  is  improbable,  it  would  still  leave 
0.3204  gm.  of  the  ievulose  used.  It  is  true  there  is  a  loss  of 
115  c.c.  of  blood  in  the  experiment,  which,  if  added  to  the  above, 
would  account  for  the  loss  of  the  sugar  in  the  legs  before  and 
after  perfusion,  which  again  would  leave  some  sugar  unaccounted 
for  and  which  must  have  been  used  in  muscular  work.  The  ac- 
tual gain  of  weight  by  transudation  was  not  determined  in  this 
experiment. 

jMiiiary  XL,  1908.  —  The  Utilization  of  Ievulose. 

Dog  "forty-eight  hours  without  food  was  anesthetized  as  before, 
bled  from  carotid  250  c.c,  made  to  380  c.c.  with  Ringer-Locke's 
solution  with  Ievulose  added  and  used  in  perfusion.  Samples  of 
the  blood  I,  and  after  the  addition  of  Ievulose  II,  were  taken  for 
analysis. 

9.57,  Perfusion  of  leg  commenced.  Weight  of  leg  before  per- 
fusion 670  gm. 

10.02.  Second  perfusion  ended.  Sample  III  taken  for  imme- 
diate analysis.     Sample  IV  set  aside  at  40°  for  glycolysis. 

10.15.     Second  perfusion  ended,  275  c.c 

10.30.     Third  perfusion  ended. 

10,40.     Fourth  perfusion  ended.    Sample  V  taken. 

11.07.     Seventh  perfusion  ended.    Sample  VI  taken, 

11.38.     Ninth  perfusion  ended.    Sample  VII  taken. 

12.18.  Twelfth  perfusion  ended.  Sample  VIII  taken.  Reaction 
to  stimulation  decreasing  but  still  vigorous. 

12.48.     Fifteenth  perfusion  ended.    Sample  IX  taken, 
1. 10.     Sixteenth  and  final  perfusion  ended.     Sample  X  taken. 
Leg  still  reacts  to  stimulation.    Weight  of  leg  701  gm.    Weight  of 
muscles  400  gm.     Samples  of  50  gm.  of  muscle  were  taken  for 
sugar  and  glycogen  analysis. 
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AmounUof  blood  at  beginning 380  c.c. 

Amount  taken  as  samples 225  c.c 

Amount  left  at  end  of  experiment     ...  75  c,c. 

Amount  unaccounted  for 80  c.c 

Gain  in  weight  of  leg 31  gm. 

A  very  small  amount  of  blood  remained  in  the  apparatus,  and 
a  slight  amount  was  lost  in  work. 
Results.  — 

Dextrose  in  blood  before  dilution 0.1250^' 

Dextrose  in  perfused  blood 0.0801''^ 

Total  sugar  in  perfused  blood  calculated  as  dextrose    ,     .     0.8620^ 

Sugar  in  blood  at  end  of  perfusion 0.3360^ 

Weight  of  muscles  in  leg 400  gm. 

S^ugar  content  before  perfusion 0.0300^      0.1 200  gm. 

Sugar  content  after  perfusion 0.1500^      o.6ooogm, 

Gain  in  sugar  by  perfusion 0.4800  gm. 

Glycogen  in  muscles  before  perfusion     .     .     .     0.0750^      0.3000  gm. 
Glycogen  in  muscles  after  perfusion    ....    0.0660^      0.2640  gm. 

Loss  in  glycogen  during  perfusion 0.0360  gm. 

Total  gain  of  carbohydrate  in  leg 0.4440  gm. 

Sugar  at  beginning  of  experiment,  390  c.c.  .     .     0.8620*     -  3.2756  gm, 

Sugar  in  recovered  blood,  Samples  III-X 1.3060  gm. 

Sugar  in  75  c.c.  left  at  end 0.5260''*      0.3945  gm, 

Loss  of  sugar  from  blood i-575i 

Total  carbohydrate  gain  in  leg 0.4440 

Total  loss  of  sugar  as  dextrose 1.13^*  P^- 

Dextrose  in  blood  at  beginning o.o8oi^^o.3i24gm, 

Levulose  loss  not  less  than 1.1311  —  3124  =  0.8187  gm. 

There  is  a  distinct  loss  of  levulose  here  of  not  less  than  0.8187  S^- 
which  can  only  be  accounted  for  by  oxidation  in  the  muscles.  The 
low  per  cent  of  glycogen  in  the  muscles  is  due  to  the  glycogen's  being 
hydrolyzed.  No  attempt  was  made  to  determine  the  amount  of 
each  as  they  existed  when  the  animal  was  bled,  but  usually  an  hour 
or  more  intervened  between  the  death  of  the  animal  and  the  taking 
of  the  muscle  samples  for  glycogen  and  sugar. 

JannaiT  33, 190a  Malto»e.  —  The  action  of  the  tissues  on  maltose  was 
determine3  in  the  same  manner  as  in  glucose  and  levulose.  A 
young  dog  was  bled  to  death  as  above.  The  amount  of  blood  was 
295  c.c.     Sample  I  was  taken  for  the  determination  of  glucose. 


Digitized  by  Google 


344  Hugh  McGuigan. 

The  remaining  270  c,c.  was  made  to  400  c.c.  w*th  Ringer-Locke's 
solution,  to  whidi  maltose  was  added.    The  weight  of  the  leg  per- 
fused was  653  gm.    400  cc  of  solution  was  used  in  the  perfusion. 
10.20.     Sample  II  taken  and  perftisifMi  commenced. 
10.30.     Stimulation  30  per  minute. 
10.50,     First  perfusion  ended.     Sample  III  taken. 
II. 12.     Second  perfusion  ended. 
II. 15.     Stimulation. 
11.28.     Third  perfusion  ended. 
11.35.     Stimulation  stopped.    Leg  still  reactive. 
12.05.     Stimulation  applied  again. 
12.08,     Fourth  perfusion  ended. 

12.38.     Fifth  perfusion  ended  and  Sample  IV  taken.  . 

1.08.     Seventh  perfusion  ended. 
1.30.     Eighth  perfusion  ended. 

3.00.     Fourteenth  and   last   perfusion  ended.     Blood   at  end 
265  cc.    Sample  V  taken  for  analysis. 

The  leg  was  stimulated  about  five  minutes,  then  allowed  to  rest 
five  minutes  alternately  during  the  experiment.     The  reaction  at 
the  end  was  very  weak,  but  still  distinct. 
Results.  — 

Weight  of  leg  at  end  of  experiment    ....     682  gm. 

Weight  of  leg  at  beginning  of  experiment     ,     .     653  gm, 
Gain  in  weight  by  transudation    .     .     ,     ,       27  gm. 

Weight  of  muscle  from  perfused  leg    ....     234  gm. 

Amount  taken  for  sugar  determination     ...       50  gm. 

Amount  taken  for  glycogen  determination    .     .       50  gm. 

Results  of  analysis.  — 

I.    Sugar  in  original  blood  as  dextrose 0.1500* 

II.    Sugar  in  blood  after  addition  of  maltose 0.6325* 

III.  Sugar  in  blood  at  end  of  first  perfusion  (30  min.)  ,     .  0.5720'"' 

IV.  Sugar  in  blood  at  end  of  fifth  perfusion (2  hrs.  8  min.)  0.5720''' 
V.    Sugar  in  blood  at  end  of  experiment  {4  hrs.  16  min.)  0.4720'' 

Sugar  in  non-perfused  leg 0.0500* 

Sugar  in  perfused  leg 0.2250^ 

Total  sugar  in  blood  at  beginning  of  experiment   .     .  2.5300  gm. 

Recovered  from  Samples  II-V 0.5622  gm. 

Recovered  from  blood  at  end  of  experiment ....  i.i328gm. 

Difference  in  muscles 0-4587 

Total  loss 0.3763  gm. 

Total  dextrose  in  perfused  blood  (253  cc.  original)  .  0.3795  g*"- 
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The  total  quantity  of  sugar  as  dextrose  that  could  have  been 
oxidized  here  is  0,3763  gm.  If  we  assume  that  the  dextrose  alone 
was  oxidized,  then  the  maltose  remained  unoxidized.  A  noticeable 
feature  of  the  results  with  maltose  is  that  perfusion  between  the 
period  of  thirty  minutes  and  two  hours  and  eight  minutes  (III  and 
IV  in  the  table)  gffte  no  loss  of  sugar.  Then  between  this  period 
and  the  end  of  the  experiment  .there  was  a  large  reduction.  I  take 
this  to  mean  that  transudation  of  the  sugar  does  not  take  place 
while  the  muscles  and  vessels  are  living  and  in  good  condition,  but 
immediately  on  losing  their  tone,  or  when  they  are  dying,  transu- 
dation takes  place.  The  sugar  destruction  probably  takes  place  in 
the  first  part  of  the  perfusion  and  the  transudation  into  the  tissues 
marks  a  later  stage. 

The  ntuiutloa  of  gBiaotoBA.  —  The  legs  of  a  young  dog  were 
perfused  with  blood  containing  a  known  quantity  of  galactose.  The 
weight  of  the  perfused  leg  at  the  beginning  of  the  experiment  was 
418  gm.  The  blood  of  the  animal  contained  0.1750  per  cent  dex- 
trose ;  300  c.c.  of  this  was  diluted  to  600  c.c.  with  Ringer-Locke's 
solution  containing  galactose.  The  perfused  blood  contained  0.7290 
per  cent  sugar,  of  which  0.0875  iw  ^^^  was  the  blood  sugar ;  the 
remainder  was  galactose.  The  perfusion  lasted  two  hours  and 
twenty  minutes.  During  this  time  the  blood  was  perfused  six  ' 
times.  The  following  brief  summary  of  the  experiment  will 
explain :  • 

ro.30.     Animal  bled  325  c.c.  blood. 

10.45.     Perfusion  commenced.    Stimulation  30  per  minute.    Re- 
action vigorous, 

II. 10.    First  perfusion  ended. 

11.35.     Second    perfusion    ended.      Reaction    to    stimulation 
vigorous. 

11.35.     Third  perfusion  ended.     Reaction  to  stimulation  weak, 

12.00,     Fourth  sample  of  blood  taken  for  analysis. 

12,20,     Fourth  perfusion  ended.     No  response  to  stimulation. 

12.40.     Fifth  perfusion  ended.     Leg  becoming  edematous.  , 

1.05.     Sixth  perfusion  ended. 

The  following  samples  were  taken  for  analysis: 
I,    Original  blood  of  animal. 
II,     Blood  after  addition  of  gakctose. 

III.     Blood  which  had  been  set  aside  at  40°   C.   during  the 
experiment. 
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The  sugar  content  of  these  samples  was  found  to  be : 

I.     Sugar  content  of  normal  blood O.1750 

II.     Sugar  content  after  the  addition  of  galactose       .     .     ,     .     0.7290 

III.  Sugar  content  after  standing  2  hrs.  20  min,  at  40°  C.      .     0.7260 

IV.  Sugar  content  after  i  hr.  15  min.  perfusion  through  liv- 

ing leg   0.6320 

V.     Sugar  content  after  2  hrs.  20  min.  perfusion      ....  0.5400 

A.     Sugar  in  non-perfused  1^  muscle 0.1950 

E.     Sugar  in  perfused  leg  muscle 0,3320 

In  the  last  two  samples,  A  and  B,  the  greater  part  of  the  glyco- 
gen in  the  leg  was  in  all  probability  converted  into  dextrose. 

Weight  of  leg  before  perfusion    ....  418  gm. 

Weight  of  leg  after  perfusion 493  gm. 

Gain  in  weight  by  perfusion  ....  75  gm. 

Weight  of  bone,  skin,  etc ■.     .  238  gm. 

A  summary  of  these  results  will  show  the  amount  of  glycolysis : 

Gm. 
Sugar  at  beginning  of  experiment  in  blood  ....     3.9930 
Sugar  at  beginning  of  experiment  in  leg  muscles  .     .     0.3315 

Total 43245 

Sugar  recovered  in  blood  at  end  of  experiment .     .     .     2.2950 

Sugar  in  Sample  IV 0.1580 

Sugar  in  muscle  at  end,  0.3320  per  cent 0.5644 

Total  sugar  recovered 3-ot34 

Sugar  loss I-3111 

Total  dextrose  in  blood  at  beginning 0.5270 

Galactose  loss  not  less  than 0.7841 

The  perfusion  of  the  dead  leg  is  more  difficult,  and  the  results 
are  not  so  satisfactory  for  several  reasons.  The  principal  difficulty 
is  the  edematous  condition  that  begins  with  the  perfusion.  There 
is  no  difficulty  in  circulating  the  blood  through  the  vessels,  but  the 
gradually  increasing  edema  and  increasing  viscosity  of  the  blood 
caused  by  the  transudation  of  the  water  and  salts  into  the  tissues 
makes  it  necessary  to  increase  the  pressure  required  to  keep  the 
perfusion  nearly  at  the  same  rate.  Edema  takes  place  in  all  parts 
of  the  legs  and  even  in  the  feet.  The  subcutaneous  tissue  is  also 
saturated.  This  condition  renders  difficult  the  exact  determination 
of  the  sugar  in  the  muscles  after  the  perfusion,  and  for  exact  work 
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the  whole  leg  should  be  used.  The  blood  leaving  the  veins  in  case 
of  the  dead  legs  never  shows  any  of  the  characteristics  of  venous 
blood,  but  is  as  arterial  in  color  as  before  the  perfusion. 

A  summary  of  the  results  of  perfusion  of  the  dead  leg  with 
galactose  is  given: 

Gm. 
Blood  at  commencement  of  perfusion,  360  c.c.  at 

0.9320%  = ,  .  3.3550 

Sugar  in  muscles  of  same  weight  taken  from  fore-  " 

l^es 04575 

Total  sugar  at  beginning 38125 

Sugar  recovered  in  blood  {200  c.c.) 1.3680 

Sugar  recovered  in  muscle 2.1956 

Total  sugar  recovered 3-5636 

Total  sugar  unrecovered 0.2389  or  6* 

This  loss  is  due,  I  think,  entirely  to  edema  into  the  skin,  and  non- 
muscular  structures,  which  could  not  be  recovered  by  the  mere  an- 
alysis of  the  muscular  tissues.  Had  the  whole  leg  been  ground  and 
used  in  the  analysis,  the  recovered  sugar  would  undoubtedly  have 
approached  the  original  more  closely.  The  difference  given  does 
not  vitiate  the  conclusion  that  the  sugars  are  used  directly  by  the 
living  cell  and  not  by  dead  tissues. 

The  results  of  these  experiments  show  that  the  common  sugars, 
dextrose,  levulose,  and  galactose,  are  used  directly  by  the  cells. 
Maltose,  in  all  probability,  is  not  directly  oxidized,  or,  at  most, 
only  a  minute  amount. 

Since  commencing  this  work,  a  paper  by  Locke  and  Rosenheim," 
"  On  the  consumption  of  dextrose  by  mammalian  cardiac  muscle," 
has  reached  me.  These  authors  find  that  the  contracting  heart 
muscle  uses  dextrose.  I  fully  agree  with  their  results.  In  fact  I 
think  they  would  have  found  a  greater  utilization  of  sugar  had 
they  used  blood  for  perfusion.  The  best  artificial  blood  substitutes 
are  poor  oxygen  carriers.  I  find  the  same  thing  to  hold  true  for 
muscular  tissues.  The  bantracting  muscular  tissues,  like  the  con- 
tracting heart  muscle,  utilizes  dextrose  directly.  From  the  results 
of  Kuiz  *"  and  Jensen  "  it  would  seem  that  gl3fcogen  is  not  directly 

*  Locke  and  Rosenheim  :  Journal  of  physiology,  1907,  xzzvi,  p.  205- 
"*  KuLZ  ;  Festsclirifl  fiir  Ludwig,  1891,  p.  109;  quoted  from  LusK,  Lac.  cit., 
P-  149- 
■1  Jensen  ;  Zeitschrift  fur  physiologische  Cbemie,  1902,  xxxv,  p.  535. 
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used  by  the  heart.  Levulose  and  galactose  are  directly  utilizable. 
The  statement  will  in  all  probability  hold  true  for  all  the  directly 
fermentable  sugars.  Chauveau  and  Kaufmann  "  found  that  the 
muscles  in  action  used  3.5  times  as  much  sugar  as  the  inactive 
living  muscle.  Results  on  stimulating  the  excised  1^^  of  dogs 
indicate  in  general  that  these  results  are  in  the  right  direction,  but 
we  have  not  made  quantitative  determinations.  Mere  analysis  of 
the  blood  going  to  and  from  the  muscle  is  not  sufficient  to  show 
the  amount  of  the  sugar  used,  as  there  may  be  a  transudation  of 
the  sugar  into  the  surrounding  tissues.  However,  with  normal 
blood  in  the  intact  animal,  this  objection  may  have  no  weight.  I 
do  not  believe,  however,  that  the  amount  of  sugar  utilized  by  the 
intact  body  can  be  determined  by  analysis  of  blood  and  urine  as 
attempted  by  Pavy."  There  is  always  a  transudation  of  sugar 
from  the  vessels  which  must  be  considered.  On  increasing  the 
sugar  content  of  the  blood  this  transudation  may  occur  in  any  part 
of  the  body,  but  greatest  in  quantity  and  most  easily  in  the  normal 
kidney. 

ProdaotB  of  •agar  oxldatioii. — Von  Frey  and  Gruber  "  perfused 
blood  through  the  hind  legs  of  dogs,  and  tetanized  the  muscles  and 
determined  the  lactic  acid  content  before  and  after  the  perfusion. 
In  one  case  they  found  the  lactic  acid  increased  ten  times.  Ber- 
linerblau  **  confirmed  this  result,  but  observed  also  that  when  sugar 
was  added  to  the  perfused  blood  the  formation  of  lactic  add  was 
increased.  Oppenheimer  *■  observed  the  same  phenomena  with 
drawn  blood  at  37°  C.  I  have  found  that  the  amount  of  sugar  util- 
ized was  increased  if  the  content  in  the  blood,  was  increased,  but 
have  not  yet  determined  the  product  of  glycolysis  or  the  lactic  acid  " 
content.  Other  experimenters  have  reported  an  increase  in  lactic 
acid.  On  the  other  hand,  Asher  and  Jackson,'*  by  transfusing  blood 
with  and  without  the  addition  of  sugar  through  the  hind  legs  of 

^*  Chauveau  and  Kaufmann,  Comptes  rendus  de  I'Acad^niie  des  Sciences, 
1887.  civ,  pp.  Iiz6,  1352.  and  1409. 

1*  Paw  :  Joumal  of  physiology,  1890,  xxiv,  p.  47^. 

»•  Von  Fkey  :  Archiv  fiir  Physiolt^'e,  1885,  p-  S33  ;  VON  Frey  and  Gruser  : 
Ibid.,  1855,  p.  519. 

'^  Berlikrrblau  :  Archiv  Etir  experimentelle  Pathologic  ucd  Pbannakologie, 
i887.wm,p.  333. 

"  Oppenheimer  :  Centralblatt  fiir  Physiologic,  1903,  xvi,  p.  713 

"  Spiro;  Zeitschrift  fur  physiologische  Chemie,  1877,  i,  p   11 1 

1'  Asher  and  Jacksox  :  Zeitschrift  fiir  Biolt^e,  xli,  3,  p.  393. 
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dogs,  could  detect  no  increase  in  lactic  acid  due  to  the  sugar.  Some 
attribute  the  increase  in  lactic  acid  to  the  lack  of  oxygen  caused  by 
the  greater  proteid  destruction. 

W.  Hutson  Ford"  in  1858  reported  experiments  in  which  he 
demonstrated  the  presence  of  alcohol  in  normal  blood.  Recently 
Simacek^"  and  Stoklasa*^  have  drawn  attention  to  the  same  phe- 
nomena, and  others,  quoted  by  Ford  in  the  paper  above  referred 
to,  confirmed  his  discovery.  Stoklasa  explains  the  formaticm  of 
lactic  acid  and  alcohol  from  dextrose  as  follows: 

Lactalase  +  dextrose  — *  lactic  acid 
Alcoholase  +  lactic  acid  =  alcohol 

It  is  probable  that  other  fatty  acids  are  formed  in  the  glycolysis.'* 
The  ultimate  products  would  be  COj  and  H3O.  Locke  and  Rosen- 
heim** found  a  general  parallelism  between  the  amount  of  sugar 
lost  from  the  blood  during  perfusion  and  the  amount  of  COj  formed. 
The  blood  coming  from  the  veins  of  the  living  perfused  leg  is  very 
dark  in  color.  In  the  dead  legs,  where  there  was  no  loss  of  sugar, 
the  blood  coming  from  the  veins  remained  arterial  in  color. 

The  sugars  utilized  directly  by  the  tissues  are  those  that  are 
directly  fermentable  by  yeast.  It  is  natural  to  suppose  that  the 
products  formed  would  be  the  same  in  each  case.  The  enzymes 
may  differ  in  amount  and  the  results  from  a  quantitative  standpoint 
may  vary,  but  in  each  case  the  living  cell  is  the  factor  to  be  con- 
sidered. The  oxidation  of  these  sugars  seems  to  be  a  function  of 
living  protoplasm.  There  is  no  reason  to  suspect  products  quali- 
tatively different  from  that  formed  by  the  action  of  the  yeast  cell. 
This  point  will  be  taken  up  in  future  work. 


Conclusions. 

1.  The  living  muscles  of  an  animal  when  perfused  with  dex- 
trose, levulose,  or  galactose  cause  a  rapid  'oxidation  of  these 
sugars. 

"  Ford.  W.  Hutson  :  Journal  of  physiology,  1906.  xxxlv,  p.  430. 

"  SihX^ek  :  Centralblatt  fiir  Physiologic,  1904.  xvii,  pp.  3,  309. 

"  Stoklasa  :  Archiv  fiir  die  gesammle  Physiologic,  1904,  ci,  p.  31 1 ;  Central- 
blatt fur  Physiologie,  1905,  xviii,  p.  793. 

**  Sep  :  Libbig's  Annalen,  1907,  ccclvii,  p.  314 ;  alao,  cccxxxv,  p.  333. 

■*  I.0CKE  and  RosENHEiH :  Ltx.  cit. 
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2.  The  results  with  maltose  would  indicate  that  little  if  any  of 
it  is  oxidized  directly  by  the  muscle. 

3.  Increasing  the  amount  of  sugar  in  the  perfused  blood  increases 
the  amount  oxidized. 

4.  Stimulati<wi  of  the  muscles  during  the  perfusion  increases  the 
oxidation. 

S-  The  perfusion  of  dead  muscles  shows  practically  no  loss  of 
sugar. 

6.  Both  in  living  and  dead  tissues  perfusion  causes  an  edema- 
tous condition.  This  occurs  very  much  sooner  and  to  a  greater 
degree  in  the  dead  tissues. 

7.  The  perfused  liver  also  utilizes  the  common  sugars.  It  is 
probable  that  this  will  hold  for  all  glandular  organs. 

8.  The  glycogen-storing  function  of  the  liver  is  lost  in  perfusion 
much  sooner  than  the  sugar-destro>-ing  function.  The  same  state- 
ment holds  for  the  muscle. 

9.  The  glycolysis  occurring  in  drawn  blood  at  40°  C.  in  two 
hours  is  very  small  in  amount. 
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ON    GLYCOLYSIS. 

By  HUGH  McGUIGAN. 
[Frem  lie  Laboratory  ef  Phytielogy  and  Piarmacoliigy,  WalhiHgttii  Univrrsify.'] 

'  I  ■'HE  removal  of  the  pancreas  causes  death,  presumably  from 
■'■  the  inability  of  the  tissues  to  use  dextrose.  The  natural  in- 
ference is  that  the  pancreas  elaborates  something  that  is  necessary 
in  glycolysis.  Erown-Sequard  ^  was  the  first  to  call  such  a  sub- 
stance "  internal  secretion."  The  mechanism  by  which  this  substance 
aids  glycolysis  is  by  no  means  clearly  understood,  neither  are  the 
chemical  nor  the  physical  properties  of  the  substance. 

In  1903  Cohnheim'  published  the  first  of  a  series  of  papers 
giving  the  results  of  experiments  in  which  he  claimed  that  while 
the  expressed  juice  of  muscle  exerted  very  little  influence  on  the 
destruction  of  sugar,  and  the  extract  of  the  pancreas  was  equally 
inert,  a  mixture  of  the  two  possessed  powerful  glycolytic  properties. 
Since  then  Cohnheim*  has  published  several  papers  corroborat- 
ing and  extending  his  first  work.  The  known  facts  regarding 
the  removal  of  the  pancreas  made  his  theory  very  plausible,  and 
it  was  readily  accepted.  However,  there  has  been  much  adverse 
criticism  of  his  work.  The  work,  especially  of  Claus  and  Embden.^ 
was  sufficient  to  cast  considerable  doubt  on  his  results.  On  the 
other  hand,  several  workers  have  confirmed  him.  Probably  the 
most  striking  confirmation  he  has  received  has  been  by  G.  W. 
Hall.*  This  worker  not  only  confirms  him,  but  claims  to  have 
isolated  the  activator  from  the  pancreas  extract,  which  is  more 

■  See  "  Intemal  secretion  and  the  ductless  glands,"  by  SWALE  VINCENT,  The 
Lancet,  August  11  and  18,  1896,  for  history  and  literature  of  internal  secretion. 

*  CoHNHEiu:  Z«itschrift  fiir  physiologischp  Chetnie,  1903,  xxxix,  p.  336;  1904, 
ilii,  p.  401  i  190S,  xliii,  p.  547;  1906,  xlvii,  p.  253. 

*  C1.AUS  and  Ehbden:  Hofmeister's  Beitr^ge,  1905,  v,  p.  214;  1906,  vi, 
P-  313- 

*  Hall,  G.  W.  :  This  journal,  1907,  xviii,  p.  280. 
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active  than  the  extract  itself.  This  activator  he  found  to  be  specific 
for  dextrose.  On  the  glycolysis  of  levulose  and  lactose  it  exerted 
no  influence.  Some  work  that  I  have  in  progress  in  connection 
with  glycosuria,  and  glycolysis  in  living  tissues,  led  me  to  doubt 
these  results,  and,  in  repeating  the  work  of  both  investigators,  I 
have  been  unable  to  find  a  trace  of  the  acticm  they  describe. 


Methods. 

The  animals  were  killed  by  bleeding  from  the  carotid  under  ether 
anaesthesia,  and  the  fresh  muscles  ground  in  a  sausage  machine 
and  then  in  a  mortar  with  sand.  After  this  cold  water  was  added, 
and  in  most  cases  ice  was  added,  and  the  cold  mixture  allowed  to 
macerate  for  about  four  hours.  Any  chtmge  from  this  procedure 
is  noted  in  the  protocols.  From  the  mixture  the  muscle  juice  was 
obtained  by  the  aid  of  a  hand  press.  A  definite  quantity  of  this 
extract  was  taken  and  NaHCOj,  MgCO,,  or  phosphate  solutic«i,' 
as  indicated,  added  to  preserve  neutrality,  and  sugar  added.  In 
every  case  sufficient  toluol  was  added  so  that  after  shaking  a  dis- 
tinct layer  covered  the  tops  of  the  liquid.  The  digestion  was  per- 
formed in  small  Erlenmeyer  flasks  at  40°  C.  in  a  thermostat. 

At  the  beginning  and  end  of  the  experiment  the  amount  of  re- 
duction was  determined  by  Fehling's  or  Pavy's  solution,  and  the 
amount  of  glycolysis  calculated.  Fresh  Pavy  or  Fehling  was  pre- 
pared for  each  series.  The  proteid  was  removed  by  Na^SO^  solu- 
tion and  acetic  acid,  and  the  precipitate  thoroughly  washed  with 
Na^SO^  solution,  and  all  the  filtrates  of  each  series  were  made 
to  the  same  volume  at  18-20°  C. 


Experiments. 

In  a  series  of  three  experiments  on  the  muscles  of  two  cats  and 
one  dog,  using  the  corresponding  pancreas  and  NaHCOg  (five  p.  M.) 
for  neutralization,  no  evidence  o£- increased  glycolysis  was  shown 
as  measured  by  Fehling's  solution.  In  the  other  experiments  re- 
corded Pavy's  solution  was  used. 

*  The  phosphate  solution  consisted  of  nine  parts  disodiam  and  one  part  mono- 
sodium  phosphate  10  per  cent  strength. 
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Experiment  4.  —  Cat's  muscle. 

Three  hundred  and  fifty  grams,  ground  and  macerated  with 
500  C.C.  of  tap  water  at  room  temperature  (18°  C.)  over  night, 
and  the  juice  (630  cc),  expressed  as  above,  was  obtained.  The 
pancreas,  weight  6  gm.,  was  boiled  and  ground  in  sand,  filtered 
through  cheese  cloth,  and  the  united  filtrates  evaporated  to  dryness 
on  water  bath.  The  residue  was  extracted  with  95  per  cent  alcohol 
and  filtered  through  paper.  Again  evaporated  and  taken  up  with 
water  (60  c-c.)  i  gm.  equals  jo  c.c.  The  digestion  lasted  thirty-six 
hours  at  38°-40°  C. 

Fluk  HuKle  Pancreatic 

nnmbtr.  ext.  in  c.c-  ext.  in  c.c. 

I 75  2 

2 75  S 

3 75  10 

4 75  15 

5 75  25 

6 75  o 

After  thirty-six  hours  the  flasks  were  boiled  in  water,  the  proteids 
removed  widi  Na^SOj  +  acetic  acid,  and  the  filtrates  made  to 
250  cc.  50  cc.  Pavy's  solution  were  used  with  the  following 
results : 

Knntber  of  Amount  to 

filtrate.  dnceSOc.c 

I 6.9 

2 6.9 

3 7-0 

4 70 

5 7-2 

6 71 

In  this  case  the  sugar  in  the  control  flask  (6)  was  not  determined 
at  the  beginning  of,  but  at  the  expiration  of,  the  experiment.  The 
amount  of  glycolysis  during  the  time  of  the  experiment  without 
the  addition  of  pancreatic  extract  therefore  is  not  known.  The 
experiment  is  recorded  merely  to  emphasize  the  limitations  of  the 
method  under  changing  conditions.  Ordinarily  the  amount  of 
glycolysis  during  this  time  without  the  addition  of  pancreatic  ex-  . 
tract  is  from  30-60  mgm.  dextrose. 


mount  sugar 
in  filtrate. 

Glycoljri* 

2S0  cc 

gm. 

0.9058 

—.0254 

0.9058 

—.0254 

0.8928 

— .0124 

0.8928 

— .0124 

0.8680 

.0124 

0.8804 

Diaiiizedb,  Google 


354  Hugh  McGuigan. 

If  we  assume  that  there  was  no  glycolysis  in  the  control,  or  that 
the  normal  glycolysis  was  the  same  in  each  flask,  then  in  flask 
Number  5  there  was  an  increase  of  12.4  mgm.  in  the  glycolysis.  If 
the  other  tubes  had  also  shown  this  amount  of  increase  or  more, 
the  contention  of  Cohnheim  might  be  considered  confirmed,  but 
unfortunately  the  others  showed  an  inhibition  of  glycolysis  of 
double  the  amount  quoted  in  the  first.  Here,  again,  an  inhibition 
of  the  glycolysis  might  be  invoked  due  to  too  large  an  amount  of 
the  activator,  but  examination  showed  that  this  is  not  the  case. 
Observation  showed  that  there  was  only  0.3  c.c.  difference  in  the 
titrations  between  the  extremes,  and  any  one  familiar  with  sugar 
titrations  knows  that  this  could  be  accounted  for  in  a  number  of 
ways,  even  with  the  same  solutions,  without  invoking  the  aid  of 
an  activator.  ^ 

Pavy's  method,  when  carried  out  under  similar  conditions,  gives 
fairly  good  results,  and  in  work  of  this  kind  is  sufficiently  accurate. 
The  importance  of  slight  differences  in  results  by  this  method, 
however,  must  not  be  exaggerated,  and  conclusions  of  such  im- 
portance as  Cohnheim  has  drawn  should  not  be  based  on  the  results 
of  this  method  alone,  even  though  the  differences  were  greater  than 
he  has  reported.  Personally,  I  have  found  no  differences  sufficient 
to  necessitate  the  use  of  more  delicate  and  more  tedious  methods. 

In  working  with  this  method  the  cleanest  results  are  obtained 
when  the  sugar  content  of  the  liquid  is  such  that  10  to  20  c.c.  of 
it  reduces  25  c.c.  of  Pavy's  solution.  In  the  above  experiment  the 
sugar  filtrate  was  too  strong  to  give  the  best  results. 

Experiment  5,  —  Cat's  muscle,  cat's  pancreas. 

Three  hundred  and  ninety-two  grams  muscle  ground  in  sausage- 
grinder  and  in  a  mortar  with  sand  were  extracted  with  ice-water 
for  three  hours,  filtered,  and  pressed.  530  c.c.  of  fluid  was  obtained. 
Sp.  Gr,  1.017,  To  the  whole  liquid  5  gm.  of  dextrose  was  added, 
shaken  thoroughly,  and  50  c.c,  taken  for  sugar  determination, 
MgCOg  in  substance  was  added  to  preserve  neutrality.  Toluol 
was  added  to  each  flask  to  form  a  distinct  layer  on  top.  The  flasks 
were  closed  with  cotton  and  incubated  forty-three  hours  at  40"  C. 
There  was  no  indication  of  bacterial  growth.  The  alccrfiolic- 
watery  extract  of  the  pancreas  was  prepared  as  above,  2  c.c.  equal 
I  gm. 
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50 
50 


The  proteids  were  removed  by  NajSO^  and  acetic  acid,  and  each 
of  the  filtrates  made  to  500  c.c 

In  the  filtrations  25  ex.  Favy's  solution  was  used  in  each  case. 


Beginning  of  experiment  .  14.0 

After  43  hours  ....  15,5 

After  43  hours  ....  15.0 

After  43  hours  ....  15.3 

4.  After  43  hours  ....  16.0 

5.  After  43  hours  ....  14.7 

6.  After  43  hours  ....  16.0 
After  43  hours  ....  15.9 
After  43  hours  ....  17.5 
After  43  hours  ....  15.5 


The  results  here  could  be  construed  to  confinn  the  glycolytic  theory, 
and  would  call  for  the  application  of  different  methods  were  other 
factors  not  to  be  considered.  Wider  and  apparently  more  incon- 
sistent differences  than  these  are  reported  by  Cohnheim,'  for  which 
he  has  no  satisfactory  explanation  to  offer.  I  believe  the  results 
given  above  are  due  to  the  varying  growths  of  bacteria  in  the  solu- 
tions.   An  example  will  illustrate  the  probability  of  this  assumpti(»i. 

Experiment  6.  —  Ox  muscle  with  ox  pancreas. 

Flesh  was  obtained  from  the  slaughter-house  which  had  been 
killed  some  hours  before.  Six  hundred  grams  was  extracted  with 
800  gm.  ice-water,  after  grinding  as  above.    The  extraction  lasted 

'  CoHNHEiu :  Zeitschrift  [iir  physiologische  Chemie,  1906,  xlvii,  p.  280. 


0.806s 

0.086s 

0.8333 

0.0S97 

0.8170 

0.0760 

0.7812 

0.1 1 18 

0.8503 

0.0427 

0.7812 

CI  118 

0.7862 

0.1078 

0.7143 

0.1767 

0.8930 

0.0865 
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twelve  hours  at  an  outside  temperature  of  2"  C,  and  contained 
ice  during  the  extraction ;  g;;o  cc  fluid  sp.  gr.  1.016  was  obtained. 
After  the  addition  of  dextrose  50  cc.  of  this  solution  was  used  in 
each  test.  The  pancreas  solution  was  such  that  10  cc  equalled 
ID  gm.  pancreas.  MgCOj  was  used  to  neutralize,  and  toluol  was 
added  as  before.  The  sugar  content  at  the  banning  of  the  experi- 
ment was  0.9S00  per  cent 

Fluk  Sogar.              G1]'col]Pais. 
number.                               Pancceas.         per  cent.                  gm. 

I 0.9060  0.0740 

2 0.1  0.9060  0.0740 

3 0.2  0.9060  OJ3740 

4 0.5  0.9060  0.0740 

5 0.8  0.9190  0.0610 

6 1.0  0.9060  0,0740 

7 2.0  0.9060  0.0740 

8 3.0  0.9060  0.0740 

9 _    ..  no  toluol  added  0.5^00 

The  digestion  was  continued  forty-two  hours  at  40°  C.  The  ob- 
jection may  be  made  that  too  much  pancreatic  extract  was  added. 
The  particular  feature  of  the  experiment  is  the  entire  loss  of  the 
sugar  in  Number  9,  the  sample  where  no  toluol  was  added.  This 
sample  smelled  foul.  None  of  the  others  showed  any  signs  of 
putrefaction.  The  loss  of  several  milligrams  sugar,  however,  is 
highly  probable  without  any  sign  of  foulness,  and  where  such  loss 
occurs  in  work  of  this  kind  it  is  absolutely  necessary  to  eliminate 
the  probability  of  a  bacterial  growth  before  assigning  any  special 
importance  to  the  co-operative  action  of  the  tissue  juices.  Other 
experiments  where  smaller  quantities  of  pancreatic  extract  was  used 
showed  no  increase  in  glycolysis. 

Experiment  8.  —  Cat's  muscle  with  cat's  pancreas. 

Three  hundred  and  ten  grnms  fresh  muscle  ground  in  sand  as 
above  and  macerated  four  hours  with  400  cc.  distilled  water  at 
0°  to  2°  C, ;  425  cc.  filtrate  was  obtained  after  pressure.  The 
muscle  residue  was  ground  again  with  cold  water  and  filtered,  and 
the  united  filtrates  (425  cc.)  used  in  the  experiments. 

The  phosphotungstic  acid  precipitate  of  the  pancreas  extract  was 
prepared  exactly  as  Hall  recommends.  The  very  slight  excess  of 
acidity  after  the  precipitation  of  the  excess  of  Ba(OH),  was  neu- 
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Sugar 
found. 

Glycol. 

I.02I 

29 

I.030 

30 

I.O16 

.14 

1.020 

.30 

1. 02 1 

29 

1.021 

2g 

1.024 

26 

1.024 

26 

On  Glycolysis.  357 

tralized  with  NaHCOg.  The  amount  of  NaHCO,  used  was  0.1  gm. 
to  a  volimie  representing  40  gm.  of  pancreas.  Ten  c.c.  of  the  final 
pancreatic  extract  represented  2  gm.  of  fresh  pancreas. 

Two  series  of  experiments  were  carried  out.  In  one  the  phos- 
phate solution  { 10  per  cent  solution  9  parts  disodium,  i  part  mono- 
sodium)  recommended  by  Hall  was  used  to  neutralize  one  series, 
and  MgCOj  in  substance  to  neutralize  the  other.  The  following 
experiments  were  carried  out  with  these  preparations : 

Flask  Muicle      ii._„„„  Phosphate 

Dumber.  mi.        ^'"^^?"        •ol. 

I 50  I  20 

2 50  2  20 

3 50  3  20 

4 50  4  20 

5 50  6  20 

6 50  8  20 

7 50  10  20 

8 50  . .  20 

Sugar  at  commencement  of  experiment,  1.050. 
Toluol  was  used  as  before.    The  digestion  continued  forty-three 
hours  at  40°  C. 

Matde        Pancreas 
Flask.  ext.  in  cc.      exL  in  cc. 

A 50 

B 50  I 

C 50  2 

D 50  3 

E    ......    50  8 

F 50  IS 

Experiment  p.  —  For  this  series  the  muscles  of  a  young  dog  were  taken. 
Seven  hundred  grams  after  grinding  were  macerated  with  800  cc 
ice-cold  distilled  water  for  four  hours ;  950  cc.  of  filtrate  was  ch- 
tained,  and  this  was  made  to  looo  cc.  and  about  10  gm.  dextrose 
added.  Sugar  determined  at  once  amounted  to  0.9843.  The  pan- 
creas weighed  17  gm.  This  was  prepared  according  to  the  method 
recommended  by  Hall,  and  was  made  so  that  10  cc.  equalled  i  gm. 
fresh  pancreas. 


Sagar. 

mgm. 

1.016 

34 

1.020 

30 

1.024 

26 

1.024 

26 

I.C24 

26 

1.028 

22 

•Diaiiizedb,  Google 


35^  Hugh  McGuigan. 

Flask                            Hiucle  Fancreai  Toneniral-  Glycolyus 

nninber.                        tzt  in  ex.  ext.  in  c^  tic  in  gin. 

I 50                . .  MgCO,  O.II02 

2 50               0.1  MgCOj  0.II02 

3 50  0.2  MgCO,  0.0915 

4 50  0.4  MgCO,  0.1510 

5 50  0.6  MgCO,  lost 

6 50  i.o  MgCO,  0.0583 

7 50  a.o  MgCO,  0.0583 

8 50  4.0  MgCO,  0.1041 

9 50  do  MgCO,  0.0619 

10 50  lao  MgCO,  a.1041 

With  the  same  solutions  the  following  tests  were  made,  using  the 
phosphate  solution  to  neutralize,  15  c.c  in  each  flask: 

pj^^                                  Hoscle  Fancrca*  GlycolyBis  in 

eit.  in  cc  ezLincx.  21  hours  in  gm. 

A 50 

B 50  0.1           — .0038 

C 50  0.2           — .0019 

D 50  0.3           — .0019 

E 50  0.4           — .0038 

F 50  0.5           — .0077 

G 50  0.6           — .0038 

H    ..*....    50  1.0           —.0038 

I 50  2.0           — .0019 

In  the  series  to  which  MgCO,  was  added  there  was  a  probable 
bacterial  growth  to  account  for  the  varying  degrees  of  glycolysis. 
There  is  an  apparent  inhibition  of  glycolysis  ^here  the  phosphate 
solution  was  used,  but  1  consider  this  well  within  the  limits  of 
error  of  the  method. 


Conclusions. 

The  experiments  recorded  show  that  mixtures  of  muscle  and  pan- 
creatic extracts  ^t  as  inert  in  glycolysis  as  is  the  muscle  extract 
alone. 
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STUDIES  IN  RESUSCITATION.  —  II.  THE  REFLEX  EX- 
CITABILITY OF  THE  BRAIN  AND  SPINAL  CORD 
AFTER  CEREBRAL  AN^MIA.i* 

Bv  F.  H.  PIKE,  C  C.  GUTHRIE,  and  G.  N.  STEWART. 

[Frtm  lie  Hull  Phyntlegkal  LoAorainry,  tkt  Univeriiiy  ef  Ckicage:\ 

'ITT'E  have  given,  in  other  papers*  the  main  phenomena  in  the 
'  '  resuscitation  of  the  central  nervous  system  after  cerebral 
anaemia.  In  the  present  paper  we  wish  to  present  certain  new  data 
on  the  reflex  excitability  of  the  brain  and  spinal  cord  during"  and 
after  the  ligation  of  the  head  arteries  of  an  animal.  The  method 
of  producing  cerebral  anaemia  has  already  been  described,  and  need 
not  be  repeated  here. 

The  anterior  part  of  the  spinal  cord  becomes  totally  inexcitable 
during  the  period  of  ansemia,  but  may  regain  its  excitability  more 
or  less  completely  when  the  circulation  through  it  is  re-established, 
and  may  for  a  time  even  become  hyperexcitable;  e.  g.,  striking  the 
fore  paws  may  cause  a  much  greater  reflex  response  than  would 
normally  occur,  and  a  comparatively  slight  stimulus  may  cause 
prolonged  scratching,  such  as  might  occur  in  a  spinal  animal.  This 
hjrperexcitability  affects  also  the  posterior  part  of  the  cord.  Cold 
—  ?.  g.,  placing  the  animal  on  ice  —  generally  has  but  little  effect 
on  the  reflex  excitability  of  the  cord,  but  ether  subdues  it.  Again, 
the  anterior  part  of  the  cord  may  never  completely  regain  its  normal 
excitability,  but  may  recover  in  part.  The  fore  limbs,  for  example, 
may  contract  on  the  side  which  is  stimulated,  but  the  animal  may 
never  recover  so  that  the  reflex  crosses  to  involve  the  opposite 
fere  limb.    The  hyperexcitability  disappears  in  the  animals  which 

'  The  lirst  of  these  studies,  covering  the  general  conditions  affecting  resuscita- 
tion and  the  resuscitation  of  the  blood  and  of  the  heart,  will  appear  in  "  The  journal 
of  experimental  medicine,"  1908,  i,  No.  3. 

'  Stewart,  Guthbie,  Burks,  and  Pike:  Journal  of  experimental  medicine, 
i9o6,viii,p.289;  Guthrir,  Pike,  and  Stewart:  This  journal,  1906,  xvii,  p.  344; 
Stewart  and  Pike,  /fiSt/.,  190;,  xix,  p.  328 ;  xx,  p.  61 ;  Stewart,  /Hd.,  xx, 
P-407. 
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recover  completely.  Occasionally,  also,  the  posterior  part  of  the 
cord  never  becomes  irritable  in  more  than  slight  degree.  The 
asphyxiation  of  the  posterior  part  of  the  cord  produced  by  stop- 
page of  the  heart,  as  we  mentioned  in  the  first  of  these  studies, 
may  cause  no  movements  whatever. 

The  eye  reflexes  may  all  return  in  favorable  cases.  Etherization 
of  an  animal  several  hours  after  the  release  of  the  cerebral  arteries 
may  cause  nystagmus  jjist  as  in  a  normal  animal.  Nystagmus 
may  occur  also  in  the  resuscitation  period  when  no  ether  is  given. 

Six  and  one-half  hours  after  release  from  an  occlusion  of  thirty-one 
minutes,  die  eye  movements  (in  nystagmus)  were  observed  in  the 
intervals  between  spasms.  Twenty  minutes  later  these  movements 
were  continuous,  with  a  rate  of  fourteen  in  the  minute.  The  eyelids 
were  opened  and  the  eyeballs  were  rotated.  The  nictitating  mem- 
brane was  protruded,  but  did  not  take  part  in  the  movements.  The 
corneal  reflex  may  sometimes  return  before  the  ear  reflex  appears, 
or  may  return  in  one  eye  before  it  appears  in  the  other.  In  one 
experiment  the  eyelid  reflex  returned  so  that  touching  the  left  eye- 
lid caused  a  movement  of  both  lids,  but  touching  the  lid  of  the 
right  eye,  whose  pupil  was  much  more  dilated  than  the  left,  caused 
no  sudi  movements.  The  right  carotid  artery  had  been  used  for 
making  a  blood-pressure  tracing.  The  corneal  reflex  subsequently 
returned  in  the  right  eye.  In  another  case  the  corneal  reflex  and 
lachrymal  secretion  returned  in  the  right  eye  sooner  than  in  the 
left,  although  the  right  carotid  was  used  for  blood  pressure.  The 
corneal  reflex  returned  in  the  left  eye  about  five  minutes  later. 

The  ear  reflexes  sometimes  returned  before  all  the  eye  reflexes 
appeared,  but  not  invariably.  Touching  the  interior  of  the  ear, 
flicking  it  with  the  finger,  or  blowing  into  it  caused  movements  of 
the  eyelid  on  the  same  side  one  hour  after  starting  the  heart  by 
massage  following  a  stoppage  of  fifteen  to  twenty  minutes,  with 
a  previous  occlusion  of  twelve  and  three-fourths  minutes.  The  lid 
reflex  of  the  eye  was  good  at  this  time,  and  the  corneal  fair.  The 
corneal  reflex  reappeared,  in  one  instance,  four  and  one-half  min- 
utes after  release  from  an  imperfect  occlusion  of  thirty  minutes, 
and  before  any  ear  reflex  was  present.  A  good  ear  reflex  was 
present  two  minutes  and  fifty  seconds  after  release  from  an  occlu- 
sion of  nine  minutes  and  fifty  seconds.  There  were  no  eye  re- 
flexes present.  The  natural  respiration  was  exactly  synchronous 
with  the  artificial.     Fifty-nine  minutes  after  release  from  an  oc- 
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elusion  of  twenty  minutes,  the  animal  (cat)  winked  its  eye  on  the 
same  side  when  the  ear  was  flicked,  but  there  was  no  ear  reflex. 
Twenty-three  minutes  after  release  from  an  occlusion  of  ten  min- 
utes there  was  a  reflex  contraction  of  the  fore  leg  on  the  same  side 
struck.  Eight  minutes  later  both  fore  legs  contracted  on  striking 
one  of  them.  In  another  ten  minutes  flicking  one  ear  caused  move- 
ments of  that  ear  and  drawing  up  of  both  fore  legs. 

Stimulation  of  the  comer  of  the  mouth  three  hours  and  fifty 
minutes  after  release  from  an  occlusion  of  fourteen  minutes  caused 
opening  and  closing  movements  of  the  mouth,  and  movements  of 
the  whiskers.  Stimulation  of  the  eyelids  at  this  time  caused  closure 
of  the  lids. 

Two  hours  after  release  from  an  occlusion  of  sixty-five  minutes 
the  penis  was  continually  executing  rapid  rhsfthmical  movements 
(see  protocol  of  Experiment  5). 

The  rectal  sphincter  also  shows  increased  irritability  during  the 
resuscitation  period.  Fourteen  minutes  after  release  from  an  oc- 
clusion of  sixteen  minutes  the  insertion  of  a  thermometer  into  the 
rectum  caused  good  kicking  movements  of  the  hind  limbs.  There 
were  also  rhythmical  movements  of  the  rectal  sphincter  at  the  rate 
,of  about  twelve  in  the  minute.  The  rectal  temperature  was  35.1°  C. 
Movements  of  the  hind  limbs  ion  inserting  a  thermcsneter  into  the 
rectum  during  the  resuscitation  period  are  of  common  occurrence, 
and  both  hind  limbs  are  usually  involved  to  an  equal  extent. 

In  one  experirfient,  two  and  one-half  hours  after  release  from  an  occlu- 
sion of  forty-five  minutes,  the  insertion  of  a  thermometer  caused 
movements  of  the  left  hind  leg  only.  Striking  the  right  hind  leg 
caused  movements  of  that  leg,  but  better  movements  of  the  opposite 
I^.  The  observation  was  repeated  several  times.  The  left  leg 
gave  better  movements  on  pinching  than  the  right  one  gave  when 
it  was  pinched.  The  rectal  temperature  was  38.2°  C.  The  reflex 
contractions  of  the  rectal  sphincter  were  present,  in  another  experi- 
ment, four  minutes  after  release  from  an  occlusion  of  sixty  minutes. 

The  fore  limbs  entirely  lose  their  tonicity  and  reflex  excitability 
during  anzemia  of  the  brain,  and  may  gradually  regain  it  during 
the  resuscitation  period.  Relatively  early  after  the  re-establishment 
of  the  cerebral  circulation,  whetlier  by  releasing  the  arteries  or 
starting  the  heart  after  temporary  stoppage,  trembling  movements 
and  extensor  spasms  may  appear.     The  clonic  movements  seen 
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during  the  spasms  are  of  later  development.  The  extensor  spasms 
and  trembling  movements  are  of  central  origin,  since  they  cease 
on  section  of  the  brachial  nerves.  Scheven  '  and  others  are  inclined 
to  regard  some  of  these  phenomena  as  instances  of  decerebrate 
rigidity. 

Experiment  i.*  March  23,  igo$.  —  The  heart  was  started  by  direct 
massage  after  a  stoppage  of  about  twenty-two  minutes.  One  hour 
afterward  there  were  spasmodic  trembling  movements  of  both 
fore  limbs,  superposed  upon  the  slight  tonic  spasm  present  at  this 
time.  Striking  the  fore  limbs  increased  the  trembling.  An  hour 
later  all  the  nerves  from  the  right  brachial  plexus  that  could  be 
found  going  to  the  right  fore  limb  were  divided.  The  trembling 
and  all  other  movements  ceased  permanently.  Stimulation  of  the 
peripheral  end  of  the  brachial  nerves  caused  strong  contraction  of 
the  fore  limb.  Stimulation  of  the  central  end  was  without  effect. 
No  respiratory  movements  had  yet  been  seen. 

The  trembling  may  spread  to  involve  the  hind  limbs  also.  The 
extensor  spasms  may  appear  before  any  reflex  response  can  be 
elicited  on  striking  the  fore  limbs,  but  striking  the  fore  limbs  at 
such  a  time  may  increase  the  severity  of  the  spasms. 

Resuscitation  may  never  proceed  far  enough  to  restore  the  com- 
missural path,  and  the  fore-limb  reflex  may  never  cross.  After 
an  occlusion  of  forty-five  minutes,  for  example,  the  crossing  of  the 
fore-limb  reflex  never  occurred,  even  twelve  hours  after  release, 
although  reflexes  were  easily  obtained  on  the  same  side.  The  time 
relations  of  the  crossing  of  the  fore-limb  reflexes  have  been  given 
in  our  first  paper  on  the  subject,^  and  need  not  be  considered  fur- 
ther here. 

The  rate  of  the  clonic  movements  of  the  fore  limbs  will  be  given 
in  the  section  on  resuscitation  of  the  muscles  to  appear  later.  Ex- 
tensor spasms  at  the  rate  of  ten  in  the  minute,  alternating  with 
eleven  flexions,  were  seen  fifty-six  minutes  after  release  from  an 
occlusion  of  thirty-one  minutes.  This  rate  continued  unchanged 
for  fifty  minutes. 

Closely  associated  with  the  fore-limb  reflexes  are  the  intercostal 
reflexes,  some  of  which  we  have  described  in  a  previous  paper.* 
This  is  shown  in 

'  Scheven:  Archiv  fur  Psjchiatrie,  1904,  xxxviii,  p.  926. 

•  The  Mperimeots  are  numbered  consecutively  for  conven'ercc  in  reference. 
The  chronological  order  is  indicated  by  the  date  given. 

'  Journal  of  experimental  medicine,  ioc.  cit.  p-  310. 

•  Stewart  and  Pike  :  This  journal,  lot.  cit.  p.  339. 
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Experiment  2.  May  16,  1905.  —  An  occlusion  of  twenty-one  minutes 
was  followed  by  stoppage  of  the  heart  for  about  ten  minutes. 
Three  hours  later  tapping  the  ribs  on  the  right  side  caused  ex- 
tensive contraction  of  the  intercostal  muscles  and  fore  limb  on  that 
side,  but  these  were  sharply  limited  in  the  tailward  direction  at 
the  level  of  the  diaphragm.  At  this  time  the  fore-limb  reflexes 
elicited  by  striking  did  not  cross,  but  distinct  crossing  occurred 
one  hour  later.  A  slight  spasm  of  the  fore  limbs  was  caused,  in 
another  experiment,  during  the  resuscitation  period  by  scratching 
the  inner  wall  of  the  thorax  over  or  between  the  ribs,  one  hour  and 
forty  minutes  after  release  from  an  occlusion  of  eighty-one  minutes. 

The  hind  limbs  and  tail  execute  strong  movements  during  the 
early  part  of  occlusion,  but  these  movements  often,  in  fact  usually, 
cease  before  the  end  of  the  occlusion  if  this  is  at  all  prolonged, 
and  the  hind  limbs  no  longer  contract  on  striking  them.  Reflex 
movements  of  the  rectal  and  vaginal  sphincter  often  persist  longer 
than  the  hind-limb  reflexes,  sometimes  throughout  the  period  of 
occlusion. 

As  an  experiment  In  point  we  cite  Number  4.  The  reflex  move- 
ments of  the  hind  legs  do  not  always  cease,  even  during  a  long 
occlusion,  e.  g.,  eighty-one  minutes,  but  may  weaken  for  a  time  and 
then  increase  in  intensity  toward  the  end  of  the  occlusion.  These 
phenomena  are  shown  in  Experiment  3. 

Experiment  3.  April  15,  1905.  —  Large  male  cat.  Ether.  Cannula  in 
trachea. 

3.07  p.  M.     Opened  chest. 

3.20  p.  M,  Clamped  innominate  and  left  subclavian  arteries 
proximal  to  all  branches. 

3.26.50.  Respiratory  movements  continue.  No  reflexes. 
Movements  of  hind  limbs,  which  are  flexed  and  extended  alter- 
nately many  times  in  succession. 

3.33  p.  M.  No  more  gasps  or  breathing  movements  of  the  ab- 
dominal muscles.  No  movements  of  fore  limbs  were  observed  at 
all,  but  there  were  rapid  and  strong  movements  of  hind  limbs,  as 
before. 

3,37  p.  M.  Hind-leg  movements  are  less  strong  and  rapid. 
When  the  leg  is  pulled  out,  it  resists  and  is  drawn  up  strongly. 

3.39  p.  M.  Pulse  150.  The  rectal  sphincter  contracts  rhythmi- 
cally and  strongly  on  thermometer,  the  hind  legs  kicking  out  when 
it  is  introduced. 
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344  p.  H.  Right  hind  1^  is  moving  as  before,  but  slower  and 
weaker.    Pulled  up  quite  strongly  on  being  str^ched. 

3.54  p.  M.     Draws  up  leg  strongly  on  pulling  it 

4.00  p.  H.  Put  thermometer  in  rectum.  Hind  legs  kick  vigor- 
ously while  thermometer  is  being  put  in.  Rectal  temperature 
35-8»  C 

4.06  P.  M.  On  pulling  out  the  left  hind  leg  get  excellent  clonic 
movements.  The  right  hind  leg  is  not  now  drawn  up,  as  before, 
on  being  pulled  out. 

4.14  p.  H.  Strong  movements  of  the  hind  1{^  on  pulling  them, 
as  before,  and  movements  of  the  whole  rump. 

4.19  p.  u.     Kicked  vigorously  on  putting  tiiermometer  in  rectum. 

4-33  F>  H.  Stimulated  the  right  sciatic  nerve,  which  had  been 
exposed  without  dividing.  Slight  fall  of  blood  pressure.  Strong 
contraction  of  right  hind  leg  and  weaker  contraction  of  left  hind 
I^.    No  contraction  of  the  fore  legs. 

4.38  p.  H.  Excellent  clonus  of  left  hind  leg  on  keeping  it  ex- 
tended. 

4.41  p.  u.    Released  the  head  vessels. 

Two  hours  and  twelve  minutes  after  release  of  the  head  arteries 
in  the  above  experitnent,  the  aorta  was  compressed  above  the  dia- 
phragm by  pressure  of  the  fingers,  and  held  shut  for  two  minutes. 
On  releasing  it  the  cat  at  once  kicked  up  its  hind  end,  as  far  for- 
ward as  the  diaphragm. 

Contraction  of  the  hind  limbs  on  touching  the  anal  orifice  with 
a  thermometer  is  of  ccHnmon  occurrence  in  the  resuscitation  period. 
It  was  noted  in  one  experiment  about  six  hours  after  release  from 
an  occlusion  of  thirty  minutes,  and  in  another  case  four  hours  after 
release  from  an  occlusion  of  sixty  minutes.  Other  instances  have 
been  cited  in  the  paragraph  on  the  reflexes  of  the  rectal  sphincter. 

Struggling  movements  of  the  hind  limbs  were  observed  in  one 
experiment  six  minutes  after  occluding  the  head  arteries,  —  a  some- 
what unusual  phenomenon,  —  but  no  reflexes  could  be  elicited  from 
the  hind  limbs  after  release  of  the  vessels  thirty-five  minutes  later. 
The  anal  reflex  was  also  absent. 

Movements  of  the  tail  are  usually  associated  with  movements 
of  the  hind  limbs.  The  tail  generally  moves  slowly  and  quietly 
to  and  fro,  but  the  movements  increase  in  frequency  and  violence 
during  the  spasms.  The  tail  hairs  and  those  of  the  back,  as  has 
been  mentioned,  are  often  erected  continuously  during  the  time  of 
the  spasms. 
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A  peculiar  type  of  hind-limb  reflex  observed  during  the  resus- 
citation period  is  the  scratch  reflex.  It  occurs  well  on  in  the 
resiiscitation  period  following  prolonged  occlusion,  and  is  in  all 
respects  similar  to  the  scratch  reflex  appearing  in  the  spinal  animal 
after  recovery  from  shock.  We  have  previously  reported  an  ex- 
periment' in  which  the  scratch  reflex  was  elicited  after  section  of 
the  brain  stem  by  pinching  the  ear.  Pinching  the  ear  also  caused 
the  scratching  movements  in  another  case  in  which  the  brain  stem 
was  anatomically  intact,  but  had  suffered  anaemia  of  fourteen 
minutes'  duration.     We  give  the  protocol. 

Experwuni  4.  March  sj,  1^0$.  —  Half-grown  male  cat.  Ether.  Tube 
in  larymL 

4.24  p.  u.    Occluded  head  arteries. 

4.28.30.        Hind  legs  stretching  out: 

4.29.45.  Strong  gasping  respiration.  Hind  legs  move.  No 
eye  reflexes.    Eyes  widely  dilated. 

4.31  p.  M.  No  more  respiratory  or  leg  movements,  or  move- 
ments of  any  kind  after  this. 

4.38  p.  M.     Released  vessels. 

4.38.15.         Movements  of  trunk  and  limbs  and  then  no  more. 

4.58  p.  M.     One  deep  respiration. 

5.01  p,  u.  Pupils  considerably  narrower.  Strong  respiratory 
movements,  one  in  eight  seconds,  then  quickening  to  one  in  six 
seconds. 

5.14  p.  H.  Strong  extensor  spasm  of  fore  limbs,  which  remain 
extended. 

5.15  p,  M.  Strong  general  spasms  with  marked  opisthotonus, 
the  head  being  strongly  extended.  Good  corneal  reflex.  In  no 
animal  yet  observed  have  spasms  been  so  severe  at  such  a  short 
time  after  release  of  vessels.  No  laryngeal  difficulty.  As  it  seemed 
highly  unlikely  that  the  animal  would  live  long  if  the  spasms  were 
not  combated,  a  little  chloroform  was  given.  The  spasms  relaxed, 
but  respiration  soon  stopped  and  the  pupils  dilated.  Amount  of 
chloroform  given  could  not  have  affected  a  normal  animal.  Per- 
haps in  the  injured  condition  of  the  brain  and  the  upper  part  of 
the  cord  even  a  small  dose  produces  a  profound  effect.  Set  up 
artificial  respiration. 

5.32  p.  u.  The  animal  is  breathing.  No  corneal  reflex. 
Stopped  artificial  respiration. 

5.44  p.  M.    Pupils  absolutely  closed. 

*  Stewart  and  Pike  ;  This  jonnial,  1907,  xx,  p.  70. 
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5.58  p.  M.  Animal  stopped  breathing.  Began  artificial  respira- 
tion, 

6.15  p.  M.  Fore  limbs  extended.  They  had  been  lax.  No 
corneal,  lid,  light,  or  ear  reflex.  On  striking  hind  or  fore  limbs, 
get  movements  of  corresponding  limb  on  opposite  side.  Pulse  160 
a  minute. 

6.27  p.  M.  Temperature  in  rectum  33.5°  C  When  thermome- 
ter was  introduced,  the  hind  legs  kicked  and  efforts  at  breathing 
were  made. 

7.15  P.M.  Vigorous  scratching  movements  of  left  hind  legs 
suddenly  began.  Between  7.15  and  7.25  there  were  three  more 
periods  of  scratching. 

.  7.25  P.  M.  No  eye  reflexes.  Twisting  of  neck  occurs  with  the 
leg  movements.  The  extensor  spasm  had  disappeared  from  the 
fore  limbs.  From  7.25  to  7.45  there  was  practically  continuous 
scratching. 

7.55  p.  M,  Strong  lashing  movements  of  tail  and  movements 
of  hind  legs  terminated  by  general  contraction  of  abdominal  muscles 
which  expelled  some  feces. 

7.56  p.  M.  Strong  rapid  scratching  movements  of  right  legs. 
Pupils  dilated  very  much  to  about  half  maximal.  Immediately  be- 
fore they  were  strongly  contracted. 

8.05  p.  M,  Strong  rapid  scratching  movements  of  left  1^. 
Goes  on  almost  continuously  for  eight  minutes. 

8.16  p.  M.  Striking  the  hind  legs  causes  flexor  movements  of 
them.  Striking  the  rump  or  hips  causes  extensor  movements  of 
the  hind  legs.  Striking  the  fore  legs  produces  small  effect.  The 
fore  legs  are  soft,  having  no  rigor  or  extensor  spasms. 

8.34  p.  M.  Strong  scratching  movements  of  right  hind  legs. 
Turning  of  head  to  left.  This,  which  is  thp  first  head  movement 
seen  for  some  time,  was  repeated  two  or  three  times. 

8.37  p.  M.  Very  strong  scratching  movements  of  left  hind  leg, 
then  of  both  hind  legs,  then  a  spasm  of  whole  posterior  end  of 
body.  The  scratching  movements  are  very  extensive,  the  feet  ex- 
tending up  to  the  chest,  as  if  directed  to  remove  some  feeling  of 
discomfort  or  obstacle  to  respiration.  This  was  also  seen  in  all 
the  scratching  movements  previously  noticed. 

8.42  p.  M.  Stopped  artificial  respiration  for  a  few  seconds,  to 
see  if  breathing  would  take  place.  It  did  not,  so  far  as  chest  and 
upper  end  of  the  body  were  concerned,  but  the  movements  of  the 
abdominal  wall  and  hind  legs  were  greatly  increased.  The  fore 
limbs  did  not  participate  in  the  movements. 

9.00  r.  M.  Pinching  the  ear  seems  to  cause  movements  of  hind 
legs ;   repeated  three  times.    Later  on  this  could  not  be  got. 
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9,20  p.  M.  Stimulated  central  end  of  left  sciatic.  There  were 
strong  contractions  of  right  hind  leg  and  fair  of  left  fore  leg. 
Could  not  see  any  contraction  of  the  right  fore  leg.  No  head 
contractions. 

9.23  p.  M.  Divided  spinal  cord  in  neck.  Strong  contraction  of 
whole  of  the  body  below  the  section  when  the  cut  was  made. 

9.55.  p.  M.  Stimulated  upper  end  of  right  vago-sympathetic 
with  usual  effect  on  the  eye.  Slight  scratch  movements  of  left 
hind  leg. 

10.10  P.M.  Stimulated  upper  end  of  left  sciatic.  Causes  draw- 
ing up  in  flexion  of  both  hind  legs.  They  are  kept  in  this  position 
during  the  stimulation.  When  the  stimulation  is  stopped,  they 
kick  down  several  times  in  succession,  being  alternately  quickly  ex- 
tended and  then  flexed, 

10.30  p.  M,  Stopped  artificial  respiration.  In  one  and  one-half 
minutes,  movements  of  the  abdominal  muscles  like  respiratory 
movements  appear ;  also  movements  of  the  skin  of  the  trunk  and 
rump.  Then,  in  one-half  minute  more,  a  very  strong  extensor 
spasm,  especially  of  hind  legs,  but  involving  also  the  fore  limbs. 
Then  the  limbs  come  back  to  their  original  position.  Experiment 
discontinued. 

It  is  noteworthy,  in  this  connection,  that  although  the  scratch 
reflex  could  be  obtained  for  a  time  by  pinching  the  ear,  it  could 
not  be  got  later  on.  It  should  be  remarked,  too,  that  section  of 
the  cord  had  but  little  effect  upon  the  reflexes  in  the  part  below  the 
level  of  the  section. 

The  rate  of  the  scratching  movements,  about  five  per  second, 
appears  from  the  second  protocol  which  we  submit. 

Experiment  5.  May  s^,  1905.  —  Adult  male  cat.  Ether.  Tube  in 
larynx. 

2.19  p.  M.     Occluded  head  vessels  in  usual  manner. 

2.32  p.  M.  Put  temporary  ligature  around  the  innominate  distal 
to  origin  of  the  left  carotid. 

2.41.50.         Strong  respiratory  gasps. 

2.42.10.  Another  strong  respiratory  gasp.  Strong  struggles. 
Kicking  with  hind  legs.    Urinated.    No  eye  reflexes.    Pupils  wide. 

2.44.  p.  M.  Struggles  less,  but  still  kicking  gently  with  right 
hind  leg.     No  gasps. 

2.48  p.  M.     Pulse  171. 

2.56  p.  M.     Pulse  180. 

3.22  p.  M.     Pulse  138. 
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3.24  p.  M.    Released  head  vessels. 
3.54  p.  M.     First  gasp ;   strong. 

4.03  p.  M.     Trembling  movements  of  the  fore  limbs. 

4.04  p.  M.  Stopped  artificial  respiration.  Breathing  goes  on 
24  in  the  minute.     Pupils  are  not  diminished  much. 

4.25  p.  M.  No  eye  reflexes.  Twitching  of  eyelids  and  also  gen- 
eral twitching  spasms  of  the  neck,  diouiders,  and  thorax.  Natural 
respiration  44  per  minute. 

4.51  p.  M.     Scratching  movements  of  left  hind  leg. 

4-55-30.  Left  pupil  now  narrow,  but  wider  than  normal; 
right  pupil  quite  wide.  Strong  convulsive  movements  of  lower  end 
of  body,  and  kicking  of  hind  legs.  When  these  relaxed,  it  was 
seen  that  the  natural  breathing  had  stopped  completely.  Heart  still 
beating.  Started  artificial  respiration  immediately.  Both  pupils 
now  dilated. 

4.59  p.  u.     Slight  gasping  movements  of  mouth. 

5.02  p.  u.  Stopped  artificial  respiration.  A  little  breathing, 
but  not  enough  to  be  effective.  Started  artificial  respiration  again. 
Pulse  184.  Twitching  over  right  shoulder.  Tears  in  both  eyes, 
but  especially  in  left.    Good  corneal  tension, 

5.21.30.  Good  gasps.  Stopped  artificial  respiration.  Cat 
goes  on  breathing  for  a  minute  or  so,  but  had  to  start  artificial 
respiration  again.  Almost  immediately  after  starting  artificial  res- 
piration there  was  strong  kicking  of  the  hind  legs.  Good  secretion 
of  saliva  going  on,  and  has  been  going  on  for  a  long  time,  as 
shown  by  wiping  the  mouth  dry.  It  trickles  odiously  from  the 
mouth.  Rapid  rhythmical  movements  of  the  penis  arc  going  on 
continuously.    Rectal  temperature  36.3°  C. 

5.54,30.  A  slight  gasp.  Followed  by  flexion  and  abduction 
of  left  hind  foot  rhythmically  for  two  or  three  seconds, 

5.56  P.  M.  Several  more  gasps  and  moderately  strong  spasms 
of  hind  limbs,  the  left  one  scratching  vigorously. 

5,58  F,  M.  Another  gasp,  and  strong  scratching  of  left  hind  1^, 
Another  in  about  two  seconds,  with  flexion  of  trunk  and  stiffen- 
ing of  fore  limbs  in  extension, 

6.00  p.  M.     Scratching  spasm  of  left  hind  leg, 

6.00.40.  Scratching  spasm  of  left  hind  leg.  Each  spasm  of 
scratching  lasts  about  two  to  three  seconds. 

6.05  p.  M,  Four  more  scratching  spasms. of  left  hind  leg.  About 
fifteen  movements  during  each  spasm. 

6.07.40.  Eight  more  scratching  spasms,  becoming  almost 
continuous. 

6.15  P.  M.  Pulse  204  a  minute.  Slow  rotatory  movements  of 
left  hind  foot  almost  continuously. 
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7,05  p.  u.  Pulse  160.  Reflex  excitability  of.  lower  part  of  cord 
is  high,  but  cervical  cord  and  brain  do  not  now  seem  to  be  dis- 
charging at  all  Striking  the  fore  limbs  causes  no  response.  Rectal 
temperature  37°  C.  Artificial  respiration  is  still  maintained.  No 
attempts  at  breathing.  Good  secre^on  of  saliva  still  going  on. 
Scratching  movements  of  left  hind  foot  almost  constant. 

7.48  P.  M.  Pulse  171  and  strong.  There  have  been  many  strong 
fits  of  scratching  movements  of  the  hind  legs,  with  the  fore  limbs 
stiffened  in  rather  weak  extensor  spasms  during  the  strongest  of 
them.  Salivary  secretion  still  going  on.  Tongue  and  eyelids  ex- 
citable to  direct  stimulation.    Pupils  wide,  and  cornea  slack. 

7.53  p.  u.  Marked  extensor  spasms  of  fore  limbs,  as  well  as 
contraction  of  hind  limbs,  came  on  suddenly  and  lasted  only  a  few 
seconds.    Cornea  tense,  and  pupils  at  maximal  dilation. 

8.03  p.  M,  Stopped  artificial  respiration  for  about  one  minute. 
The  animal  did  not  breathe,  and  the  fore  limbs  were  stretched  in 
extensor  spasm.  Started  artificial  respiration  again.  Fore  limbs 
now  execute  trembling  movements. 

8.15  P.  M.  Stopped  artificial  respiration.  In  seventeen  seconds 
the  fore  limbs  were  stretched  in  extensor  spasms.  The  heart  was 
markedly  slowed,  and  in  one  minute  it  could  no  longer  be  felt. 
No  contraction  of  hind  limbs  or  abdomen.  Started  artificial  res- 
piration again.    Hairs  on  tail  erected. 

S.18  F.  M.     Repeated  with  same  results. 

8.21  p.  M.  Stopped  artificial  respiration.  No  effect  observed 
even  in  four  minutes.  Heart  had  evidently  stopped  in  last 
observation. 

In  neither  of  these  experiments  did  the  function  of  the  higher 
nervous  centres  return  in  more  than  a  slight  degree.  The  respira- 
tion did  not  return  permanently,  nor  continue  uninterruptedly  in 
either  case.  The  cord  must  therefore  have  been  very  free  from 
the  impulses  coming  down  from  the  brain,  and  must  have  a[>- 
proached  closely  the  condition  which  follows  anatomical  section. 

An  instance  of  apparently  complete  regeneration  of  the  sciatic 
nerve  after  section  was  found  in  one  experiment.  By  mistake  a 
cat  whose  left  sciatic  nerve  had  been  cut  in  November,  1904,  was 
used  for  operation  on  June  6,  1905.  Two  hours  after  release  from 
a  total  occlusion  of  forty  minutes,  immediately  preceded  by  a  par- 
tial occlusion  of  seven  and  three-fourths  minutes,  scratching  move- 
ments of  both  right  and  left  hind  legs  occurred. 

The  spasms  described  in  our  first  paper  involve  both  fore  and 
hind  limbs.     These  spasms  are  of  central  origin,  although  they 
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appear  when  the  brain  stem  has  been  divided  at  the  level  of  the 
roots  of  origin  of  the  fifth  nerve.  Transection  of  the  cord  in 
the  mid-dorsal  region  stops  all  the  spasms  below  the  level  of  the 
section. 

In  oat  experiment  the  spinal  cord  was  divided  just  below  the  junction 
of  the  last  rib  with  the  vertebral  column,  three  hours  after  release 
from  an  occlusion  of  forty  minutes.  There  were  strong  movements 
of  both  fore  and  hind  limbs  at  the  moment  of  division,  and  con- 
traction of  the  neck,  thorax,  and  abdomen.  No  spontaneous  move- 
ments of  the  hind  limbs  occurred  after  this,  and  although  they 
contracted  on  pinching  six  minutes  after  division  of  the  cord,  these 
contractions  were  not  nearly  so  strong  as  the  contractions  similarly 
elicited  before  division.  The  fore  limbs,  on  the  contrary,  seemed  to 
contract  reflexly  better  than  before.  Twenty-two  minutes  after 
division  of  the  cord  artificial  respiration  was  stopped.  In  forty-five 
seconds  shallow  gasps  appeared,  then  head  and  neck  movements, 
and  strong  extension  of  the  fore  limbs,  with  each  attempt  at  respira- 
tion. No  movements  of  the  hind  limbs  or  of  any  part  of  the  body 
below  the  level  of  the  section  of  the  cord  occurred  until  one  minute 
and  forty-five  seconds  had  elapsed  since  the  stoppage  of  artificial 
respiration,  when  the  tail  moved.  In  two  minutes  and  ten  seconds 
after  the  beginning  of  asphyxia  there  was  strong  extension  of  the 
hind  limbs,  at  a  time  when  all  contraction  had  passed  away  from 
the  part  of  the  body  anterior  to  the  section. 

The  absence  of  the  profound  shock  usually  attending  such  a 
procedure  in  the  part  of  the  cord  posterior  to  the  section  is  notice- 
able also  in  this  experiment.  Convulsions  of  the  posterior  part 
of  the  animal  during  asphyxia  at  a  time  when  the  anterior  part 
of  the  animal  is  motionless  are  of  not  infrequent  occurrence.  The 
damaged  portion  of  the  cord  succumbs  to  asphyxia  and,  as  we  h^ve 
pointed  out  elsewhere,  to  strychnine  *  sooner  than  the  posterior 
uninjured  part. 

The  effect  of  the  synapses  in  -delaying  the  return  of  a  reflex  is 
well  shown  in  the  case  of  the  cardio-inhibitory  mechanism,  and 
the  limitation  of  a  fore-limb  reflex  to  one  side  is  doubtless  due  to 
the  failure  of  the  re-establishment  of  conduction  at  the  synapses 
in  the  commissural  pathway.  It  is  difficult  to  interpret  these  phe- 
nomena on  any  hypothesis  which  does  not  postulate  a  fairly  well- 
marked  physiological  individuality  of  the  nerve  cells,  and  a  more 
or  less  definite  break  between  two  cells  at  the  synapsis.  It  is  diffi- 
*  Journal  of  experimental  medicine,  loc.  cit.  p.  309. 
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cult  to  see  how  these  conditions  could  be  met  if  there  were  a  fluid 
connection  between  the  two  cells  joined  by  the  synapse. 

It  will  be  noted,  from  a  consideration  of  the  preceding  para- 
graphs, that  we  have  been  able  to  produce,  by  the  method  of 
cerebral  anaemia  and  without  effecting  the  anatomical  rupture  of 
any  aborally  conducting  pathways,  many,  if  not  all,  of  the  phe- 
nomena of  spinal  shock.  For  example,  the  reflexes  of  the  skeletal 
muscles  of  the  posterior  part  of  the  animal  commonly  disappear 
before  the  end  of  the  occlusion  period,  while  the  anal  and  vaginal 
reflexes  in  the  female  are  relatively  little  affected.  Occasionally, 
however,  the  latter  also  disappear.  Vaso-motor  reflexes  are  diffi- 
cult to  elicit  by  stimulation  of  the  central  end  of  the  sciatic  nerve. 
When  the  period  of  ansemia  has  been  sufficiently  prolonged  to  cause 
severe  injury  to  the  encephalon  and  anterior  part  of  the  cord,  the 
animal  falls  into  much  the  same  condition  as  a  "  spinal  "  or  "  bulbo- 
spinal "  animal.  The  scratch  reflex  was  elicited  as  strongly  and 
as  certainly  in  some  of  our  animals  as  in  the  spinal  animal.  And 
furthermore,  when  the  reflexes,  temporarily  depressed  during  the 
anaemia,  returned  in  such-  animals,  transection  of  the  cord  below 
the  lower  level  of  the  anaemic  region  has  no  more  effect  on  them 
than  a  second  transection  of  the  cord  in  a  spinal  animal  which  has 
recovered  from  the  depression  attending  the  first  transection. 

These  results  were  wholly  unlocked  for,  and  their  bearing  upon 
the  mechanism  of  spinal  shock  was  not  at  first  recognized.  The 
statement  of  previous  authors,  e.  g.,  Asher  and  Liischer,*  is  that 
shock  is  not  produced  by  anaemia  of  the  brain.  The  results  just 
quoted  show  such  a  close  and  striking  correspondence  to  those 
following  spinal  transection  that  we  are  inclined  to  regard  the  two 
conditions  as,  in  all  essential  points,  identical.  Barring  a  possible 
but  extremely  doubtful  stimulation  of  descending  inhibitory  path- 
ways by  the  anxmia,  it  would  appear  that  the  only  necessary  con- 
dition for  the  production  of  spinal  shock  is  the  cutting  off  of  the 
higher  reflex  pathways  through  the  upper  part  of  the  medulla  ajid 
brain.  More  upon  this  subject  cannot  be  stated  here,  but  other 
experiments,  devoted  to  working  out  the  details  of  spinal  shock, 
are  now  in  progress,  and  we  hope  soon  to  offer  more  upon  its 
mechanism  and  significance  as  well  as  upon  its  bearing  upon  the 
problem  of  the  functions  of  the  spinal  cord. 

*  Asher  aDd  LfJscHER:  Zeitschrift  fur  Biologic,  1899,  zxxviii,  p.  499. 
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In  the  Proceedings  of  the  Physiological  Society,  page  xxix,  line 
15,  (a)  Proteins  should  read  (a)  Proteansi 
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DIRECT  AND   REFLEX  RESPONSE  OF  THE  CARDIO- 

INHIBITORY  CENTRE  TO  INCREASED 

BLOOD  PRESSURE.' 

By  J.  A.  E.  EYSTER  and  D.  R,  HOOKER. 

[R-am  tki  fhytielagitaS  Laieratory  of  tht  Johns  Hoflam  Uiavtrsity-I 

Historical  Review. 

Tl^AREYin  1859  (i)  first  observed  the  decrease  in  pulse  rate  that 
■^'■^  accompanies  a  considerable  rise  of  the  arterial  blood  pressure 
in  warm-blooded  animals.  He  explained  this  phenomenon  as  due  to 
a  peculiarity  of  the  heart  muscle  whereby  it  is  able  to  develop  always 
the  same  energy  in  a  given  unit  of  time.  With  the  rise  of  blood  pres- 
sure more  work  in  each  individual  beat  was  thrown  upon  the  heart, ' 
and  to  compensate  for  this  the  heart  rate  became  slower.  Bernstein 
in  1867  (2)  showed,  however,  that  this  slowing  was  not  present  after 
section  of  both  vagus  nerves,  at  least  not  to  the  same  degree  as  when 
these  nerves  were  intact.  Following  the  work  of  Bernstein,  a  large 
number  of  investigations  have  been  carried  out  for  the  purpose  of 
determining  the  following  points.  In  the  first  place,  what  effect,  if 
any,  increase  of  arterial  blood  pressure  produces  upon  the  heart  rate 
when  a  part  or  all  of  the  extrinsic  cardiac  ner\es  are  cut,  and  whether 
the  slowing  that  occurs  in  the  normal  heart  with  full  extrinsic  nerve 
supply  is  due  to  a  direct  effect  of  the  rise  of  blood  pressure  upon  the 
cardio-inhibitory  centre,  or  whether  the  centre  is  affected  through 
aiferent  nerves  arising  within  the  heart  or  other  part  of  the  vascular 
system,  and  the  slowing  is  thus  brought  about  reflexly.  The  litera- 
ture that  has  accumulated  is  very  large  and  in  great  part  contradic- 
tory. In  regard  to  the  iirst  point,  all  authors  agree  that  slowing  of 
the  heart  as  a  result  of  a  rise  of  arterial  pressure,  if  it  occurs  at  all, 
'  A  preliminary  report  of  this  work  was  made  before  the  American  Physio- 
logical Society  in  May,  1907  (Proceedings  of  the  American  Physiological  Society, 
This  journal,  1907,  xix,  p.  «ii).  An  abstract  of  the  first  part  of  the  work  was 
publi^ed  in  the  ZentralbUtt  fiir  Phvsiologie,  1908,  xxi,  p.  i. 
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is  much  less  in  degree  after  section  of  the  vagi  than  with  these  nerves 
intact,  and  since  the  work  of  Bernstein  the  role  of  the  vagi  in  the 
phenomenon  has  been  accepted.  An  excellent  resume  of  the  older 
literature  is  given  by  Tigerstedt  (3),  and  of  the  more  recent  works 
by  Hofmann  (4).  Only  certain  articles  of  fundanaental  importance 
and  very  recent  ones  will  be  referred  to  in  this  paper. 

Nawrocki  in  1870  (5)  confirmed  the  importance  of  the  vagi  and 
expressed  the  phenomenon  in  terms  of  increase  and  decrease  of  the 
tonus  of  these  nerves  as  a  result  of  the  changes  in  blood  pressure. 
Several  years  later  the  same  author  (6)  investigated  the  effect  of 
changes  in  blood  pressure  produced  by  occlusion  of  the  aorta,  by 
section  of  the  splanchnics,  stimulation  of  depressors,  bleeding,  injec- 
tion of  defibrinated  blood,  and  by  stimulation  of  the  cut  spinal  cord 
and  various  sensory  nerves,  in  animals  with  (o)  sectioned  vagi  but 
intact  cord  and  sympathetics,  (ft)  sectioned  vagi  and  cord,  and  (c) 
sectioned  vagi,  cord,  and  sympathetics.  These  experiments  were 
performed  upon  dogs,  cats,  and  rabbits.  He  found  no  noteworthy 
or  constant  changes  of  pulse  rate  under  any  .of  these  conditions. 
V.  Bezold  and  Stezinsky  (7)  several  years  previous  to  this  had 
found  an  increase  of  pulse  rate  with  rise  of  pressure  up  to  a  certain 
point  after  section  of  the  vagi,  and  Knoll  (8)  had  found  no  change 
under  these  conditions.  Franijois-Franck  (9) ,  on  the  contrary,  found 
a  slight  decrease.  Observations  since  this  time  have  accumulated 
upon  both  sides  of  this  question,  some  authors  finding  no  change  of 
pulse  rate  as  a  result  of  rise  of  pressure  after  section  of  the  vagi  or 
all  the  extrinsic  cardiac  nerves,  others  an  increase  or  slight  decrease 
of  rate  (for  full  literature  see  Herlitzka  (10)).  Johansson  (ll) 
found  an  increase  in  rate  with  rise  of  blood  pressure  in  the  mamma- 
lian heart  with  vagi  and  accelerators  cut,  but  only  if  the  rise  of  blood 
pressure  were  rapid,  —  equal  to  i  mm.  or  more  of  mercury  per  sec- 
ond. Following  the  rise  of  pressure,  the  increased  rate  lasted  only 
a  short  time;  the  previous  rate  then  returned,  or  the  heart  was  even 
slower  than  normal. 

With  all  the  extrinsic  nerves  intact  except  the  vagi,  a  number  of 
observers  have  observed  slight  slowing  of  the  heart  accompanying 
sudden  and  great  rises  of  arterial  pressure.  This  slo*ing,  when 
present,  however,  was  inconstant,  and  relatively  much  less  than  be- 
fore section  of  those  nerves. 

In  the  cold-blooded  heart,  artificially  fed  but  with  intact  vagi,  the 
observations  of  Tschirjew  (12),  Ludwig  and  Luchsinger  (13),  and 
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Sewell  and  Donaldson  ( 14)  tend  to  show  that  variations  in  venous 
pressure  cause  a  change  in  rate,  —  an  increase  of  rate  with  rise  of 
venous  pressure.  Marey  (15)  observed  an  increase  of  rate  in  the 
isolated  turtle's  heart  with  rise  of  arterial  pressure,  the  venous  pres- 
sure being  kept  constant,  Sewell  and  Donaldson  (14)  found,  how- 
ever, that  changes  in  intraventricular  pressure  produce  no  influence, 
pressure  variations  within  the  sinus  alone  being  effective,  and  Howell 
and  Warfield  (16)  showed  that  if  the  venous  pressure  were  kept 
constant,  wide  ranges  of  arterial  pressure  were  without  effect  upon 
the  excised  heart  of  the  frog  and  terrapin. 

In  the  excised  mammalian  heart,  Newell  Martin  (17)  found  that 
variations  of  arterial  pressure  within  normal  limits  (25  to  140  mm. 
of  mercury)  were  without  influence  upon  the  rate.  These  results 
were  confirmed  by  Howell  and  Ely  (18),  who  found  that  not  only 
was  the  rate  unchanged  by  changes  in  arterial  pressure,  but  the  rela- 
tion between  the  duration  of  systole  aqd  diastole  was  unaffected. 
With  very  low  pressures  the  rate  may  be  slowed,  due  to  insufficient 
nutrition  of  the  heart.  Hering  (19),  in  his  isolated  heart-lung- 
carotid-jugular  circulation,  found  no  change  or  a  slight  increase  in 
rate  coincident  with  a  rise  of  blood  pressure.  Magrath  and  Kennedy 
{20)  found  no  constant  changes  in  rate  in  the  isolated  cat's  heart 
Herlitzka  (10),  who  has  recently  investigated  the  question  in  the 
isolated  dog's  heart  fed  by  Locke's  Solution,  found  that  the  size  of 
contraction  decreased  as  the  pressure  increased  and  increased  as  the 
pressure  decreased.  The  rate  increased  with  rise  of  pressure,  but  the 
change  did  not  occur  for  some  time  and  was  apparently  an  indirect 
one,  due  to  better  nutrition  of  the  heart  from  increased  coronary 
flow.  Both  changes  showed  an  optimum.  With  very  high  pressures 
f  100  to  140  mm.  of  mercury)  there  was  no  change  in  rhythm,  or 
even  a  decreased  rate  sometimes  occurred.  With  very  low  pressures 
the  rate  was  considerably  reduced,  due  to  poor  coronary  circulation. 
More  recently  still,  Guthrie  and  Pike  (21)  have  found  enormous 
changes  of  rate  with  changes  of  arterial  pressure  in  the  excised 
organ.  They  reconcile  the  difference  of  their  results  with  those  of 
Martin  and  others  by  the  assumption  of  some  physiological  control- 
ling mechanism  which  causes  the  nerve-isolated  heart  in  situ  to  be- 
have differently  toward  changes  of  pressure  from  the  excised  organ. 
They  believe  this  may  be  preserved  in  some  excised  hearts  and 
not  in  others.  They  give  no  intimation  as  to  the  nature  of  this 
mechanism. 
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The  weight  of  evidence  tends,  therefore,  to  support  the  view  that 
in  the  heart  isolated  from  all  extrinsic  nerve  supply  or  excised  from 
the  animal,  no  changes  of  rate  occur  as  a  result  of  changes  of  arterial 
blood  pressure  that  cannot  be  referred  to  nutritive  conditions  in  con- 
sequence of  changes  of  blood  flow  in  the  coronary  arteries.  Changes 
in  blood  pressure  per  se  hence  seem  to  be  ineffective  so  far  as  changes 
of  rate  are  concerned  in  the  excised  organ.  Variations  in  rate  with 
variations  of  arterial  pressure  have  been  more  frequently  observed 
in  the  nerve-isolated  in  situ  heart  than  in  the  excised  organ.  Martin 
( 17)  believed  this  to  be  due  to  several  causes.  Ligation  of  the  aorta 
in  an  animal  leads  to  a  more  rapid  filling  of  the  auricle  in  diastole 
and  probably  increases  the  venous  pressure.  The  temperature  of  the 
blood  is,  moreover,  changed  as  a  result  of  cutting  off  the  warm  blood 
from  the  intestines  and  abdominal  organs.  The  blood  probably  also 
suffers  unusual  or  excessive  chemical  changes.  Tigerstedt  ((3), 
page  299)  repeats  these  factors  which  tend  to  reconcile  the  results 
obtained  from  the  nerve-isolated  in  situ  heart  and  the  excised  organ, 
and  thinks  that  changes  in  rate  in  the  former  are  especially  due  to 
the  more  rapid  return  of  the  blood  to  tlje  venous  end  of  the  heart. 
Howell  and  Donaldson  (22)  found  in  the  excised  dog's  heart  varia- 
tions in  the  pulse  rate  as  a  result  of  considerable  variations  in  venous 
pressure.    These  variations  were  not  always  in  the  same  direction. 

The  marked  changes  in  rate  that  accompany  changes  in  arterial 
blood  pressure  in  the  heart  with  full  extrinsic  nerve  supply  are  thus 
largely  if  not  entirely  dependent  upon  the  integrity  of  these  nerves, 
of  which  the  vagi  are  of  paramount  importance.  After  section  of 
the  vagi  alone,  increase  of  blood  pressure  may  cause  increase  of  rate 
(McWilliams  (23) ),  or  sometimes  decrease  and  sometimes  increase 
(Asp.  (24),  Nawrocki  (6),  and  others).  These  changes  fti  rate 
are  always  small. 

In  regard  to  the  questions  as  to  whether  the  changes  that  occur 
are  due  to  a  direct  effect  upon  the  cardio-inhibitory  centre  or  whether 
this  centre  is  affected  through  efferent  nerves,  the  former  view  seems 
to  be  the  one  held  by  the  majority  of  authors.  The  researches  of 
Francois- Franck  (25)  indeed  seem  to  prove  conclusively  that  at  least 
part  of  the  effect  is  direct,  the  increased  blood  pressure  stimulating 
the  cardio-inhibitory  centre.  This  investigator  connected  the  cere- 
bral ends  of  the  carotids  with  a  reservoir  of  defibrinated  blood  main- 
tained at  body  temperature.  The  two  vertebral  arteries  were  ligated 
at  their  entrance  into  the  skull  and  the  cord  cut  below  the  bulb. 
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Rapid  elevations  of  the  pressure  within  the  cerebral  arteries  caused 
marked  slowing.  How  increased  blood  pressure  stimulates  the 
cardio-inhibitory  centre  is  not  known  (see  Biedl  and  Reiner  (26)). 
Hill  (27)  supposed  that  a  sudden  and  great  rise  of  blood  pressure 
might  cause  transitory  brain  anaemia  by  obliteration  of  the  cerebral 
capillaries.  Howell  (28),  however,  showed  this  not  to  be  true;  the 
cerebral  venous  outflow  under  these  circumstances  was  not  reduced. 
It  would  seem  that  the  vagus  centre  may  be  stimulated  either  by  a 
considerable  increase  or  a  considerable  decrease  in  its  blood  supply. 

Contrary  to  the  results  of  Fran^ois-Franck  cited  above,  Kochmami 
(29)  in  a  recent  paper  finds  that  Ringer's  Solution  allowed  to  flow 
,  into  the  peripheral  end  of  the  carotid  artery  of  dogs  with  intact  vagi, 
under  a  pressure  greater  than  the  arterial  pressure,  produces  no 
change  or  even  a  slight  increase  in  the  heart  rate  when  the  pressure 
is  thus  raised  in  the  cerebral  arteries.  Slowing  of  the  heart  occurred 
in  three  of  four  experiments,  however,  when  the  pressure  was  raised 
toward  the  heart  by  directing  the  inflow  into  the  central  end  of  one 
common  carotid  artery.  He  does  not  state  in  the  latter  case  whether 
the  other  carotid  and  the  vertebrals  were  ligated  in  order  to  prevent 
the  increased  pressure  from  affecting  the  cerebral  arteries. 

Considering  the  slowing  of  the  heari  produced  by  a  rise  of  blood 
pressure  as  due  wholly  or  in  part  to  a  reflex  with  the  vagi  as  the 
efferent  path,  there  is  no  conclusive  experimental  evidence  tending 
to  show  where  the  afferent  path  arises  or  through  what  nerves  it 
is  mediated.  It  has  been  generally  assumed  that  it  arises  within 
the  heart  itself  from  nervous  connections  within  the  endocardium 
(Kochmann  (29)),  Hofmann  (4)  suggests  the  possibility  of  the 
phenomenon  being  a  reflex  one,  the  afferent  path  of  which  arises 
within  the  carotids,  and  cites  the  experiments  of  Pagano  (30). 
Pagano  observed,  upon  injection  of  hydrocyanic  acid  or  nicotine 
into  the  common  carotid  artery  of  dogs  after  ligation  of  the  in- 
ternal carotids,  a  rise  of  blood  pressure  and  slowing  of  the  heart. 
This  did  not  occur  after  removal  of  the  two  superior  cervical  and 
first  thoracic  ganglia.  When  the  superior  cervical  and  first  thoracic 
ganglia  of  one  side  were  removed,  there  was  no  such  effect  when 
the  injection  was  made  upon  the  operated  side,  while  it  occurred 
promptly  if  the  injection  was  made  upon  the  opposite  (unoperated) 
side.  From  the  other  arteries  and  veins  of  the  body  investigated 
no  such  reflex  effect  upon  the  heart  was  observed.  If  the  vagi 
were  cut,  a  rise  of  blood  pressure  was  observed  following  the 
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injection,  but  no  change  or  even  an  increase  of  pulse  rate  occurred. 
Injection  of  salt  solution  into  the  peripheral  end  of  the  common 
carotids  caused  no  decrease  in  heart  rate  after  removal  of  the  above- 
mentioned  ganglia,  while  previously  a  slowing  was  observed  when 
these  structures  were  intact.  This  would  tend  to  show  that  the 
reflex  has  its  origin  in  the  walls  of  the  carotids.  The  author  does 
not,  however,  state  how  often  the  negative  result  with  pressure 
from  salt  solution  after  removal  of  the  sympathetic  ganglia  was 
obtained,  and  leaves  the  impression  that  it  was  only  in  one  experi- 
riient.  In  view  of  our  experience  we  are  convinced  that  the  fact 
that  a  rise  of  pressure  within  the  carotids  and  cerebral  arteries 
(the  internal  carotids  were  apparently  not  ligated  in  this  experi- 
ment) produced  no  effect  upon  the  pulse  rate  after  removal  of  the 
above-mentioned  ganglia  meaps  little  unless  the  observation  were 
often  repeated.  It  happens  quite  frequently  that  rises  of  pres- 
sure within  the  brain  arteries,  or  pressure  directed  toward  the 
heart,  or  both  acting  together,  are  without  effect  upon  the  heart 
rate  late  in  experiments  or  with  animals  in  bad  condition,  while 
previously  such  changes  in  pressure  produced  marked  decrease  in 
pulse  rate.  In  many  cases  the  first  few  increases  of  pressure  may 
produce  marked  slowing,  and  the  effect  may  become  progressively 
less  with  each  subsequent  increase  until  the  reaction  finally  dis- 
appears. This  was  especially  noticeable  in  our  experiments  in  which 
increase  of  pressure  was  produced  in  the  cerebral  arteries  by  the 
inflow  of  salt  solution.  The  mechanism  by  which  the  slowing  is 
brought  about  seems  to  be  a  delicate  one  and  easily  affected  by 
abnormal  conditions,  such  as  a  considerable  addition  to  the  total 
amount  of  blood.  In  raising  the  pressure  before  as  well  as  after 
removal  of  the  sympathetic  ganglia  in  Pagano's  experiment  the 
brain  and  vagus  centre  were  subjected  to  the  increase  of  pressure. 
He  apparently  did  not  try  the  effect  of  increase  of  pressure  con- 
fined to  the  carotids.  The  experiment  of  Fran^ois-Franck  cited 
above,  in  which  cardiac  slowing  was  obtained  after  sectitm  of  the 
cord  just  below  the  medulla,  speaks  strongly  against   Pagano's 

The  depressor  nerve  has  been  considered  as  the  possible  afferent 
path  of  the  reflex.  Koster  and  Tschermak  have  shown,  both  on 
anatomical  (31)  and  physiological  (32)  grounds,  that  this  nerve 
is  to  be  regarded  as  an  afferent  nerve  of  the  aorta.  They  succeeded 
in  demonstrating  an  action  current  in  the  depressor  as  a  result  of 


Digitized  by  Google 


Response  of  the  Cardio-inhibitory  Centre.         379 

increase  of  pressure  in  an  isolated  loop  of  the  aorta.  Ludwig  and 
Cyon  (33)  have  shown  that  stimulation  of  the  central  stump  of 
this  nerve  may  cause  a  decrease  of  pulse  rate  unaccompanied  by 
change  in  blood  pressure,  Bayliss  (34)  observed  that  the  decrease 
in  heart  rate  from  stimulation  of  the  depressor  disappeared  after 
section  of  the  vagi,  and  often  an  increased  rate  was  observed  under 
these  circumstances.  The  brothers  Cyon  (35)  in  one  instance  in 
one  experiment  found  that  a  rise  of  arterial  pressure  caused  no 
effect  upon  pulse  rate  after  section  of  the  depressors,  while  previ- 
ously it  had  caused  a  decrease.  The  experiments  of  Beidl  and 
Reiner  (36)  and  especially  those  of  Stefani  (37)  have  shown,  how- 
ever, that  slowing  of  the  heart  accompanies  increase  of  arterial 
pressure  after  as  well  as  before  section  of  these  nerves.  These 
results  led  these  observers  to  conclude  that  such  slowing  is  not  of 
reflex  origin,  but  due  to  a  direct  effect  of  the  increase  of  blood  pres- 
sure upon  the  cardio-inhibitory  centre. 

The  presence  of  afferent  fibres  within  the  vagus  in  mammals  which 
upon  stimulation  may  cause  reflex  slowing  of  the  heart  was  first 
shown  by  V.  Bezold  (38)  and  has  been  confirmed  by  numerous 
later  observers.  The  slowing  of  the  heart  that  results  from  increased 
arterial  pressure,  if  due  to  a  reflex,  may  well  be  entirely  within  these 
nerves,  both  afferent  and  efferent  paths  being  fibres  of  the  vagi. 
Brodie  and  Russell  (39)  have  made  a  systematic  examination  of 
the  different  branches  of  the  vagus  in  order  to  determine  which 
fibres  play  the  most  important  part  in  the  reflex  cardiac  slowing 
which  occurs  from  stimulation  of  this  nerve.  Central  stimulation 
of  the  pulmonary  fibres  of  the  vagus  gave  the  most  marked  decrease 
in  heart  rate.  The  cardiac  branches  were  found  to  be  much  less 
effective,  and  the  branches  below  the  pulmonary  fibres  the  least 
effective  of  all.  Increase  of  arterial  pressure  (by  nicotine,  adre- 
nalin, compression  of  abdominal  aorta),  however,  caused  as  great 
a  degree  of  slowing  after  section  of  the  pulmonary  fibres  of  the 
vagi  as  when  these  branches  were  intact.  These  results  were  ob- 
tained upon  cats  and  dogs.  The  conclusion  was,  therefore,  that 
reflex  cardiac  alteration  in  rate  from  increase  of  arterial  pressure 
is  due  to  excitation  of  the  afferent  cardiac  fibres. 

In  view  of  the  results  from  the  literature,  Tigerstedt  (3)  sug- 
gests the  possibility  that  the  phenomenon  of  decrease  in  pulse  rate 
from  rise  of  arterial  pressure  is  due  to  two  factors  acting  together, 
—  a  central  effect  upon  the  cardio-inhibitory  centre,  and  a  periph- 


□igitizedbyGoOglc 


380  /.  A.  E.  Eyster  and  D.  R.  Hooker. 

eral  effect  from  rise  of  pressure  within  the  heart  or  other  part  of 
the  vascular  system. 

The  investigations  to  be  described  in  this  paper  were  concerned 
in  an  attempt  to  determine  whether  the  decrease  in  pulse  rate  that 
results  from  an  increase  ©f  arterial  blood  pressure  in  an  animal 
with  intact  vagi  is  due  to  a  direct  action  of  the  increased  pressure 
upon  the  cardio-inhibitory  centre,  or  is  peripheral  in  origin,  arising 
from  stimuli  transmitted  to  the  centre  through  afferent  nerves. 
Furthermore,  if  found  to  be  partially  or  wholly  of  reflex  origin,  we 
desired  to  determine,  if  possible,  from  what  portion  of  the  vascular 
system  the  afferent  path  arises  and  through  what  nerves  it  is 
mediated.  The  experiments  performed  were  divided  into  a  number 
of  groups,  and  the  methods  used  will  be  described  in  each  section. 

Increase  of  Blood  Pressure  Produced  by  Occlusion  of 
Different  Portions  of  the  Thoracic  Aorta. 

For  these  experiments  dogs  were  employed.  The  dogs  were 
anjesthetized,  placed  upon  artificial  respiration,  the  internal  mam- 
mary arteries  ligated,  and  the  chest  opened.  Ligatures  were  placed 
in  the  following  situations :  (a)  around  the  ascending  aorta  as  close 
as  possible  to  the  ventricle;  (b)  around  the  transverse  arch  of  the 
aorta  immediately  beyond  the  origin  of  the  left  subclavian  artery; 
(c)  around  the  descending  thoracic  aorta  a  short  distance  above  the 
diaphragm;  (d)  around  the  innominate  and  left  subclavian  arteries. 
Before  placing  the  ligatures  the  regions  were  carefully  dissected, 
especial  care  being  used  not  to  include  branches  of  the  vagi  or  other 
nerves.  These  ligatures  were  then  passed  through  short  pieces  of 
glass  tubing,  and  occlusion  of  the  vessels  was  produced  by  traction 
upon  them.  The  heart  rate  was  recorded  by  air  transmission.  A 
marking-pen  was  employed  to  record  the  instant  of  occlusion  and 
release  of  the  vessels. 

The  changes  in  heart  rate  that  resulted  from  occlusion  of  differ- 
ent portions  of  the  aorta  were  as  follows.  Ligation  of  the  descend- 
ing aorta  caused  as  a  rule  a  considerable  decrease  in  pulse  rate. 
This  decrease  was  often  marked,  in  some  cases  the  rate  being  re- 
duced to  as  much  as  one  half  the  normal.  At  other  times  the 
slowing  of  the  pulse  was  of  only  moderate  degree,  and  in  certain 
cases,  especially  late  in  experiments  or  with  animals  who  had  suf- 
fered a  considerable  loss  of  blood,  no  changes  of  rate  were  observed. 
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Fig.  I  may  serve  as  an  example  of  the  decrease  in  pulse  rate  that 
accompanies  a  rise  of  arterial  pressure  from  occlusion  of  the  de- 
scending aorta.  (In  this  experiment  the  blood  pressure  was  measured 
by  a  mercury  manometer  cormected  with  the  carotid,  and  occlusion 
of  the  aorta  was  produced  in  the 
unopened  thorax  by  a  method  that 
will  be  described  later.)  Occlusion 
of  the  transverse  aorta  caused  a 
similar  decrease,  although  not,  per- 
haps, to  so  great  a  degree  as  did 
ligation  of  the  descending  aorta. 
Occlusion  of  the  ascending  aorta 
gave,  on  the  other  hand,  quite 
constantly  no  change  or  an  in- 
crease in  rate.  Irregularities,  due, 
as  Knoll  {40)^  and  others  have 
shown,  to  extrasystoles  of  the  ven- 
tricles, are  not  uncommon.  In 
many  cases,  however,  the  rhythm 
is  unaffected  by  such  ligation,  and 
the  absence  of  a  decrease  in  the 
heart  rate  is  clearly  evident  in  the 
records  of  experiments  in  which 
previous  and  subsequent  occlusions 
of  the  descending  or  transverse 
aorta  show  a  marked  decrease  in 
rate. 

The  failure  of  a  decrease  in  the 
pulse  rate  to  occur  upon  occlusion 
of  the  ascending  aorta  might  be  conceived  to  be  due  to  the  fact 

*  Knoll  has  shonn  that  if  the  pressure  is  raised  in  the  left  ventricle  by  clamp- 
ing the  aorta,  arhythmia  occurs  in  this  chamber,  while  if  the  pulmonary  artery  is 
occluded  the  frregularity  occurs  in  the  right  ventricle.  Since  these  experiments 
were  performed,  the  paper  of  Pletnew  (41)  has  appeared.  In  investigating 
arythmia  from  increase  of  intraventricular  pressure  obtained  by  ligation  of  the 
ascending  aorta,  this  observer  finds  an  increase  of  pulse  rate  following  the  occlu- 
sion. According  to  his  observations,  however,  there  is  a  transitory  period  of 
slight  decrease  in  rate  immediately  following  the  occlusion  which  is  present  after 
section  of  the  vagi  as  well  as  when  the  nerves  are  intact.  We  find  no  evidence  of 
such  transitory  slowing  in  our  records,  and  those  published  in  connection  with  the 
article  in  question  show  at  best  only  a  slight  indication  of  such  decrease. 
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Figure  1.  — Two  thirds  the  original  siie- 

Decreue  of  heart  rale  from  increase  af 
blood  pressure  produced  by  ligation  of 
thoricic  aorU  in  a  dog.  Upper  line, 
blood  pressure  and  heart  rate  obtained 
with  a  mercury  manometer  connected 
with  central  end  of  left  common  carotid ; 
middle  line,  lime  record  <2  seconds  in- 
tervals); lower  line,  lero  blood  pressure. 
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that  under  these  conditions  the  increased  blood  pressure  did  not 
affect  the  arteries  supplying  the  cardio-inhibitory  centre.  The  fall 
of  pressure  within  these  arteries  as  a  result  of  the  cutting  off  of  this 
blood  supply  might  likewise  be  conceived  as  the  cause  of  the  increased 
rate  frequently  observed.  That  this,  however,  was  not  the  sole 
cause  was  shown  by  ligation  of  the  transverse  aorta  before  and 
after  ligation  of  the  innominate  and  subclavian  arteries.  In  the 
former  case,  that  in  which  the  transverse  aorta  was  first  ligated, 
the  subsequent  ligation  of  the  cerebral  arteries  did  not  cause  a  reduc- 
tion in  the  slowing  of  the  heart  that  was  present  as  a  result  of  the 
occlusion  of  the  transverse  aorta ;  that  is  to  say,  no  increase  in  rate 
occurred  upon  relieving  the  cerebral  vessels  of  the  increased  arterial 
pressure  consequent  upon  ligation  of  the  transverse  aorta  (No.  5  of 
Table  I).  Nos.  6,  7,  and  9  of  Table  I  are  examples  of  occlusion  of 
the  transverse  aorta,  following  ligation  of  the  innominate  and  left 
subclavian  arteries.  In  these  the  increased  blood  pressure  that  re- 
sulted from  occlusion  of  the  transverse  aorta  did  not  affect  the  cere- 
bral vessels  and  the  vessels  supplying  the  cardio-inhibitory  centre. 
The  result  in  such  cases  was  a  marked  decrease  in  pulse  rate.  Fur- 
thermore, occlusion  of  ihe  cerebral  arteries  alone  in  these  experi- 
ments caused  a  slight  decrease  in  pulse  rate  (No.  6  of  Table  I). 
In  No.  6  of  Table  I  release  of  the  previously  ligated  cerebral  arteries, 
the  transverse  aorta  being  still  occluded,  resulted  in  a  further  reduc- 
tion of  the  rate  which  was  present  as  a  result  of  the  combined  occlu- 
sion of  the  cerebral  arteries  and  aorta.  The  rate  before  any  ligatures 
were  tightened  was  66  in  thirty  seconds.  This  was  reduced  to  60 
by  ligation  of  the  cerebral  arteries,  and  to  48  with  the  subsequent 
occlusion  of  the  transverse  aorta.  With  release  of  the  cerebral  ar- 
teries and  the  increased  pressure  allowed  to  affect  the  brain  as  well 
as  the  heart  and  aorta,  a  further  reduction  (to  33  beats  per  minute) 
occurred. 

It  therefore  seems  clear  that,  under  the  experimental  conditions 
here  described,  an  increase  of  pressure  confined  to  the  heart  and 
thoracic  aorta  may  cause  a  marked  diminution  in  pulse  rate.  Ex- 
amples such  as  No.  6  of  Table  I  indicate  that  a  rise  of  pressure  within 
the  cerebral  arteries  may  also  lead  to  the  same  result.  When  the 
ascending  aorta  is  occluded,  the  increase  of  pressure  is  confined  to 
the  heart,  and  there  is  a  marked  fall  of  pressure  in  the  thoracic  aorta 
as  well  as  in  the  cerebral  arteries.  The  usual  or  at  least  frequent 
result  was  an  increase  in  pulse  rate.    This  increase  was  not  due  to 
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the  anaemia  of  the  brain,  because  ligation  of  the  cerebral  arteries 
alone  in  these  experiments  led  to  a  slight  decrease  in  rate.  It  was 
noted,  furthermore,  that  increase  of  pulse  rate  upon  ligation  of  the 
ascending  aorta  was  rarely  observed,  and  never  to  so  great  a  d^ree 
after  section  of  the  vagi  as  when  these  nerves  were  intact.*  The 
marked  decrease  in  pulse  rate  that  usually  resulted  from  ligation  of 
the  transverse  or  descending  aorta,  and  the  absence  of  such  change 
upon  ligation  of  the  ascending  aorta,*  indicated  that  increase  of 
intracardiac  pressure  does  not  affect  the  cardio-inhibitory  centre,  and 
suggested  that  probabl^  the  thoracic  aorta  is  the  region  to  be  con- 
sidered as  most  important  in  this  relation.  These  points  were  tested 
in  the  later  experiments  in  connection  with  which  they  wilt  be  further 
considered. 

After  section  of  both  vagi,  occlusion  of  the  descending  or  trans- 
verse aorta  gave  rise  to  a  slight  increase,  a  sjight  decrease,  or  no 
change  in  cardiac  rate.  A  decrease  was  the  most  common  result,  but 
the  change  was  always  small,  in  no  case  amounting  to  over  five  or 
six  beats  per  minute.  Following  the  section  of  one  vagus,  either  the 
right  or  left,  the  decrease  in  rate  from  occlusion  of  the  transverse 
or  descending  aorta  may  occur  as  before  or  ^most  or  quite  disappear. 
This  is  in  accordance  with  the  general  observation  that  one  vagus 
usually  carries  the  majority  of  the  inhibitory  fibres  to  the  heart. 


Increase  of  Pressure  Confined  to  an  Isolated  Portion 
OF  THE  Thoracic  Aorta. 

The  experiments  reported  above  made  it  probable  that  increase  of 
pressure  within  the  thoracic  aorta  causes  a  decrease  in  pulse  rate 
and  that  increase  of  pressure  within  the  heart  itself  produces  no  such 

'  It  might  be  supposed  that  if  increase  of  pressure  id  the  vessels  supplying  the 
cardio-inhibitory  centre  caused  a  slowing  of  the  pulse  rate,  a  decrease  in  pressure 
would  lead  to  the  opposite  result.  We  have,  however,  when  all  the  cerebral 
arteries  are  ligated,  not  merely  a  fall  of  pressure  in  these  arteries,  but  an  actual 
anxmia  of  the  cardio-inhibitory  centre,  which,  as  is  well  known,  is  an  efficient 
stimulus  to  this  centre. 

*  Although  great  care  was  used  in  all  experiments  in  which  the  ascending  aorta 
was  ligatured  to  avoid  any  branches  of  the  vagi  being  caught  in  the  ligature,  the 
further  precaution  was  taken  to  stimulate  these  nerves  in  the  neck  by  a  faradic 
current  at  a  time  when  the  ascending  aortic  ligature  was  tightened.  The  resulting 
inhibition  of  the  heart  showed  that  the  ligature  did  not  interfere  with  the  action  of 
the  vagi. 


Digitized  by  Google 


Response  of  the  Cardio-inhibitory  Centre.         385 

effect.  In  order  to  investigate  the  former  point  more  closely,  the 
experiments  described  in  this  section  were  performed. 

Dogs  and  rabbits  were  used  for  these  experiments.  The  animals 
were  anaesthetized,  placed  upon  artificial  respiration,  the  thorax 
opened,  and  ligatures  placed  around  the  ascending  aorta,  the  upper 
part  of  the  descending  aorta,  the  left  subclavian  artery,  and  the 
superior  and  inferior  vena  cavge.  The  innominate  artery  was  closed 
with  a  bulldog  clamp,  and  a  cannula,  connected  with  a  reservoir  of 
Ringer's  Solution,  was  placed  either  within  the  innominate  artery 
itself  as  close  as  possible  to  the  aorta  or  in  one  common  carotid 
facing  toward  the  heart.  In  the  latter  case  another  cannula,  attached 
to  a  short  piece  of  rubber  tubing  and  provided  with  a  pinch  cock, 
was  placed  in  the  other  carotid  facing  toward  the  aorta.  The  reser- 
voir of  Ringer's  Solution  was  kept  in  a  warm  bath  at  body  temper- 
ature and  connected  with  a  cylinder  of  oxygen.  To  determine  the 
pressure  a  mercury  manometer  with  reading  scale  was  connected  with 
the  reservoir.  The  procedure  was  as  follows.  With  the  Ringer's 
Solution  under  a  pressure  of  from  160  to  280  mm.  of  mercuty  in  the 
reservoir  and  connecting  tube,  but  prevented  from  entering  the  aorta 
by  a  stopcock,  the  superior  and  inferior  vena  cavae,  the  left  subclavian 
artery,  the  ascending  and  descending  aortse  were  occluded  in  the 
order  named.  After  a  control  period  the  stopcock  was  opened  and 
the  Ringer's  Solution  under  the  above-mentioned  pressure  was 
allowed  to  flow  into  the  isolated  loop  of  the  aorta.  After  the  desired 
interval  of  increased  pressure  the  stopcock  connecting  with  the 
Ringer's  Solution  was  closed  and  the  pressure  in  the  loop  relieved, 
either  by  opening  the  descending  aorta,  if  the  inflow  cannida  had 
been  placed  in  the  innominate,  or  by  opening  the  outflow  cannula  in 
one  common  carotid  when  the  inflow  was  through  the  carotid.  The 
outflow  from  the  loop  was  now  closed,  the  stopcock  connecting  with 
the  inflow  cannula  opened,  and  the  pressure  again  raised  in  the  loop. 
This  could  be  repeated  several  times  in  succession. 

Increase  of  pressure  within  an  isolated  loop  of  the  aorta  produced 
by  this  method'caused  in  the  majority  of  cases  a  decrease  m  rate, 
which  returned  to  the  previous  rate  or  became  even  more  rapid  after 
the  pressure  was  relieved.  At  times  the  effect  upon  the  rate 
was  marked,  at  other  times  the  pressure  thus  produced  was  appar- 
ently without  effect.  The  degree  of  trauma  and  shock  consequent 
upon  the  extensive  operative  procedures  required  in  these  experi- 
ments, as  well  as  the  danger  of  injury  to  branches  of  the  vagi  and 


Digitized  byGoOgIc 


386  /.  A.  E.  Eyster  and  D.  R.  Hooker. 

other  nerves  by  the  dissection  and  ligatures,  will,  we  believe,  go  far 
toward  explaining  the  lack  of  constancy  of  our  results.  All  of  our 
experiments  tend  to  show  the  remarkable  susceptibility  to  abnormal 
conditions  of  the  mechanism  which  causes  a  .decrease  in  the  pulse 
rate  with  increase  of  arterial  pressure.  This  will  be  discussed  later 
in  more  detail.  We  beheve  that  the  results  of  this  series  of  experi- 
ments show  that  an  increase  of  pressure,  confined  to  the  arch  of  the 
thoracic  aorta  in  dogs  and  rabbits,  may  give  rise  to  marked  slowing 
of  the  heart. 

Fig.  2  is  a  record  hom  an  experiment  upon  a  dog.    At  4  the  two 
vena  cavse,  the  left  subclavian  artery,  and  the  ascending  and  descend- 


Figure  %  —  Tw"  ihirds  the  original  size.    Decrewe  of  heart  rate  produced  by  ir 
of  pressure  within  an  isola.led  portion  of  thoradc  aorta.     For  description  of  i 


ing  aorta  were  ligated.  At  4.1  the  stopcock  connecting  with  the 
reservoir  of  Ringer's  Solution  was  opened,  allowing  the  fluid  to  flow 
into  the  isolated  portion  of  the  aorta  under  a  pressure  of  about  220 
mm.  of  mercury.  The  pressure  was  continued  as  long  as  marking- 
pen  line  remained  elevated.  At  the  fall  of  this  line  the  stopcock 
was  closed  and  the  pressure  in  the  aorta  relieved  by  (qjening  the  out- 
flow cannula  connected  with  one  common  carotid.  At  4.2  the  out- 
flow cannula  was  closed  and  the  pressure  again  raised  in  the  aorta. 
The  elevated  portions  of  the  lowest  line  thus  indicate  the  time  and 
duration  of  the  periods  of  increased  pressure. 

The  distance  between  the  up  strokes  of  the  time-marking  pen 
represents  in  this,  as  in  the  last  record,  intervals  of  two  seconds.  The 
occurrence  or  degree  of  slowing  did  not  seem  to  differ  when  the 
inflow  cannula  was  placed  in  one  common  carotid  about  midway  of 
the  neck  instead  of  in  the  innominate  artery  approximately  at  its 
origin  from  the  aorta. 
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Increase  of  Pressure  in  the  Cerebral  Arteries  by  Inflow 
OP  Salt  Solution  under  a  Pressure  Greater  than  the 
Blood  Pressure,  and  also  Increase  of  Pressure  simi- 
larly Produced  toward  the  Heart. 

Although  the  experiments  of  Frangois-Franck  (25)  with  artificial 
brain  circulation  seemed  to  be  quite  conclusive  as  to  the  effect  of 
increase  of  blood  pressure  upon  the  cardio-inhibitory  centre,  the 
recent  work  of  Kochmann  (29)  in  which  negative  results  were 
obtained  led  us  to  repeat  the 
work  of  the  latter.  The 
method  employed  was  similar 
to  that  used  by  Kochmann. 
A  reservoir  of  Ringer's  Solu- 
tion under  oxygen  pressure 
was  connected  with  cannula 

placed    in    the    two    common    Fiourr   3.  — One   half  the   original  sixe.    Va. 

carotid    arteries,    facing,    one  g"»  inhibi.ion  produced  by  inflow  of  Ringer'. 

,       ,  It.  Solution  into  cerebral  artenes  under  a  pre*- 

toward    the   bram,    the   other  ,„,g  ^^^t„  (ban  arterial  presiura.     Upper 

toward  the  heart.     When  the  line,  heart  rate  recorded  with  Hiirthle  ma- 

inflow    was    directed    toward  nometer.    Between  1  and  Z  Ringer".  Solution 

...       _,    ii      1  I.       LI-  *"   allowed'  to  flow   into  the   peripheral 

the  heart,  the  left  subclavian  ,„j,    „,   ^oth    common    carotid.    unSer    a 

and    the    right    vertebral    ar-  pre«sure   of   aboat  220  mm.  of  mercnry. 

teries  were  ligated  to  prevent 

the  pressure  being  transmitted  to  the  cerebral  arteries.  In  agree- 
ment with  Kochmann,  we  found  that  pressure  thus  raised  toward 
the  heart  may  result  in  marked  decrease  of  pulse  rate.  Contrary 
to  his  findings  and  in  agreement  with  Francois-Franck,  we  found 
that  a  rise  of  pressure  produced  in  the  brain  arteries  may  cause 
a  marked  retardation  of  the  pulse  of  even  a  complete  inhibition 
of  short  duration.  A  rise  of  pressure  within  the  cerebral  arteries 
seems  to  be  even  more  effective  in  producing  slowing  than  simi- 
lar pressure  exerted  toward  the  heart.  A  record  of  an  increase 
of  pressure  in  the  cerebral  arteries  is  shown  in  Fig.  3.  The  pulse 
was  recorded  from  the  femoral  artery  by  means  of  a  Hiirthle  ma- 
nometer. At  the  rise  of  the  marking-pen  line  salt  solution  was 
allowed  to  flow  into  the  peripheral  ends  of  the  two  common  carotids 
under  a  pressure  of  200  mm.  of  mercury,  and  the  pressure  was 
continued  as  long  as  the  marking-pen  line  remained  elevated. 
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Mention  has  several  times  been  made  of  the  readiness  with  which 
the  mechanism  producing  cardiac  slowing  under  conditions  of  high 
blood  pressure  may  fall  out  of  function  as  a  result  of  abnormal  con- 
ditions to  which  the  research  animal  is  subjected.  In  certain  cases, 
even  without  very  extensive  operative  procedure,  a  change  in  pulse 
rate  with  variations  of  arterial  pressure  failed  to  occur.  Not  infre- 
quently, indeed  as  a  rule,  in  very  long  experiments  in  which  nrnch 
operating  is  done,  the  reaction  may  be  present  at  the  beginning  to  a 
marked  degree,  and  subsequently  may  disappear  entirely.  In  the 
experiments  in  which  salt  solution  was  allowed  to  flow  into  the  caro- 
tids toward  the  heart  or  brain  the  reaction  as  a  rule  was  marked  in 
the  first  few  trials,  then  became  progressively  less  and  finally  com- 
pletely disappeared.  On  the  other  hand  in  one  experiment  with  a 
rabbit  in  which  a  quite  extensive  preliminary  operative  procedure 
had  been  carried  out  and  a  considerable  loss  of  blood  had  occurred  as 
the  result  of  an  accident,  ligation  of  the  descending  aorta  with  a 
resulting  considerable  increase  of  blood  pressure  was  without  effect 
upon  the  heart  rate.  In  this  case,  after  about  200  c.c.  of  salt  solu- 
tion had  been  allowed  to  flow  into  the  external  jugular  vein,  the  same 
procedure  caused  a  marked  decrease  of  pulse  rate,  and  the  animal 
continued  to  react  to  increased  blood  pressure  over  a  considerable 
length  of  time.  We  have  also  succeeded  in  bringing  back  the  reac- 
tion in  several  animals  (dogs)  by  the  hypodermic  injection  of  one 
or  two  grains  of  morphia.  In  these  animals  the  rapid  heart  rate 
which  is  invariably  present  when  the  reaction  cannot  be  obtained, 
disappeared  to  a  considerable  extent,  and  increase  of  pressure  then 
caused  the  usual  marked  slowing.  In  a  number  of  cases  in  which 
increase  of  pressure  failed  to  cause  any  slowing  of  the  pulse,  direct 
electrical  stimulation  of  the  vagus  was  also  ineffective,  showing 
these  nerves  to  be  out  of  function  at  the  time.  This,  however,  was 
not  always  true. 

Of  the  two  parts  of  the  mechanism  which  tends  to  produce  a  slow- 
ing of  the  pulse  with  increase  of  pressure,  namely,  the  direct  effect 
of  the  increased  pressure  upon  the  cardio-inhibitory  centre,  and  the 
stimulation  of  this  centre  through  afferent  nerves  affected  by  the 
high  pressure,  as  our  experiments  indicate,  in  the  aorta,  the  former 
seems  to  be,  so  far  as  we  can  judge,  the  more  effective  and  the  one 
least  harmed  by  abnormal  conditions.  We  have  had  numerous 
examples  of  the  disappearance  of  the  reflex  part  of  the  mechanism 
while  the  direct  effect  upon  the  centre  still  remained.    In  such  cases 
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ligation  of  the  descending  aorta  caused  a  decrease  of  heart  rate  only 
if  the  carotid  and  subclavian  arteries  were  open  and  the  pressure  thus 
produced  allowed  to  affect  the  cardio-inhibitory  centre  directly.  In 
scnne  of  these  cases  increase  of  pressure  confined  to  the  heart  and 
aorta  by  ligation  of  the  cerebral  arteries  previous  to  ligation  of  the 
descending  aorta,  had  formerly  resulted  in  marked  decrease  in  pulse 
rate.    In  other  cases  the  effect  of  a  rise  of  pressure  when  the  cerebral 


FiauRB  4.  —  Two  fifthi  the  orighwl  «ii«.  Showliig  partial  dluppeanace  of  reflex  elow- 
itig  of  heart  from  an  increaae  of  arterial  preMore,  the  direct  effect  npon  the  cardio- 
Inhibitor;  centre  continuing  to  be  marked.    For  description  of  record,  lee  text 

circulation  was  excluded  resulted  in  a  slight  but  nevertheless  per- 
ceptible slowing,  and  marked  slowing  occurred  only  when  the  in- 
creased pressure  was  allowed  to  affect  the  brain  by  release  of  the 
carotids  and  subclavians.  An  example  of  this  is  given  in  Fig.  4. 
At  I  in  this  tracing  the  left  subclavian  and  innominate  arteries  were 
ligated  and  at  2  the  descending  aorta.  The  rate  previous  to  ligation 
was  19.5  in  ten  seconds;  during  ligation  of  the  cerebral  arteries  and 
aorta  it  was  18.5  in  ten  sec<Mids.  At  3  the  cerebral  arteries  were 
released,  the  descending  aorta  remaining  occluded  and  the  increased 
pressure  allowed  to  affect  the  brain.  The  rate  fell  to  ro.5  in  ten 
seconds  (counted  for  six  seconds).  At  4  the  descending  aorta  was 
released,  the  rate  gradually  increased  and,  twenty-four  to  twenty-six 
seoMids  later,  had  reached  the  rate  present  before  ligation.  Exam- 
ples in  whidi  marked  decrease  in  rate  occurred  in  the  first  part  of 
the  above  procedure  when  the  increased  pressure  was  confined  to 
the  aorta  and  heart  are  given  in  Nos.  6  and  y  of  Table  I. 


Increase  of  Intraventricular  and  Intracoronary  Pressure. 

Dogs  were  employed  for  these  experiments.  The  thorax  was 
cqiened,  a  ligature  was  placed  around  the  ascending  aorta  as  close 
as  possible  to  the  heart,  and  a  metal  heart  sound  was  passed  down 
one  common  carotid  artery  until  its  end  projected  into  the  left  ven- 
tricle.   The  heart  sound  was  connected  with  a  reservoir  of  Ringer's 
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Solution  which  was  kept  at  body  temperature  and  under  oxygen 
pressure  in  the  manner  described  in  a  previous  section.  After  a 
control  period  the  ligature  around  the  aorta  was  tightly  drawn 
around  the  sound,  and  salt  solution  allowed  to  flow  into  the  ventricle 
under  a  pressure  of  irom  160  to  280  mm.  of  mercury.  The  result  of 
such  an  increase  of  pressure  within  the  ventricle  showed,  in  the  great 
majority  of  cases,  no  decided  or  constant  effect  upon  the  heart  rate. 
Frequently  an  increased  rate  resulted,  often  there  was  no  change  in 


FiGUKi  5.  —  Twofifthi  the  original  uze.    Compariion  of  effect  of  incremae  of  intracoro- 
nu7  Bad  of  intra^onic  prcMure*  upon  the  heart  rate.    For  deuription  of  record.  Me 


rate,  and  to  a  few  instances  slight  slowing  occurred,  in  no  case  ap- 
proaching however  the  slowing  obtained  from  increase  of  aortic 
pressure.  The  rhythm  was  often  markedly  affected,  due  to  the  pro- 
duction of  extrasystoles.  Increase  of  intracoronary  pressure  was 
obtained  by  a  method  similar  to  the  above,  except  that  the  heart 
sound  was  introduced,  not  into  the  ventricle,  but  to  a  point  in  the 
aorta  just  above  the  semilunar  valves.  When  the  stopcock  connect- 
ing with  the  reservoir  of  Ringer's  Solution  was  opened,  the  coro- 
naries  could  be  seen  to  dilate  and  the  whole  organ  enlarge.  The 
results  in  the  case  of  increase  of  intracoronary  pressure  were  rather 
inconstant.  Not  infrequently  slowing  of  the  heart  occurred,  at  other 
times  no  change  in  rate  was  present  or  the  rate  was  increased.  In 
the  great  majority  of  cases  the  decrease  when  present  was  small  and 
by  no  means  equal  to  that  produced  in  the  same  animal  by  increase 
of  aortic  pressure.  In  the  method  employed  a  variable  portion  of 
the  aorta  was  exposed  to  the  increased  pressure  (that  area  included 
between  the  semilunar  valves  and  the  ligature  around  the  ascending 
aorta),  and  slowing  when  it  did  occur  might  possibly  have  be«i 
due  to  this  factor.  If,  following  the  increase  of  coronary  pressure, 
the  sound  was  withdrawn  and  the  pressure  raised  in  the  aorta  l^  the 
inflow  of  salt  solution,  the  slowing  of  the  pulse  was  usually  pro- 
nounced, and  always  much  greater  than  was  ever  present  with  in- 
crease of  intracoronary  or  intraventricular  pressure  alone.     An 
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example  of  this  is  given  in  Fig.  5.  At  i  in  this  tracing  the  ligature 
occluding  the  aorta  about  the  sound  was  tightened,  and  at  2  the 
inflow  into  the  coronaries  was  begun.  This  was  stopped  at  3,  the 
sound  withdrawn  beyond  the  ligature,  and  at  4  the  fluid  was  allowed 
for  a  short  time  to  flow  into  the  aorta. 


PiGUKB  6.  —  Four  sevenths  tlie.  original  «iie.    Cocaparlgoa  (rf  effect  of  increue  m  inira- 
cardiac  and  of  inlra-aortic  prewnre*  upon  the  heart  rate. 

Fig,  6  is  the  record  of  a  similar  procedure  following  increase  of 
intraventricular  pressure.  The  following  table  (Table  11)  gives 
the  results  of  an  experiment  in  which  the  pressure  was  raised  in  the 

TABLE  It. 
Inckiasb  op  Intravbntbicitlak  and  Intkacoionaky  PKKssi;itis.> 


No. 

Hewrt  rate  in  ten  seconds. 

Before. 

During. 

After. 

1 
2 

8 

Increase  of  pressure  in  coronary  arteries 
Increase  of  pressare  in  coronary  arteriea 
Increase  of  intraventricular  pressure  .    . 

Ligation  descending  aorta 

n 

22 
22 
17 
19 
20 
25 
25 

16 
16 
22 
18 
ZO 
14 
25 
25 

20 
23 
23 
18 
20 
20 
25 
26 

obserred  in  ■  few  cuss  as  the  result  of  an  increase  oi  intracoronar;  pressure.    The 
example  of  two  beata  to  ten  seconds  (from  foiirteen  to  twelve).    A  closely  following 
rise  to  a  decrease  of  ten  beats  In  ten  seconds  <from  twenij  to  ten). 
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heart  and-  aorta  by  ligation  of  the  descending  aorta  and  in  the  ven- 
tricle alone  and  in  the  coronary  vessels  alone  by  the  method  above 
described. 

While  the  experiments  described  in  this  section  do  not  exclude  an 
effect  of  increase  of  intracardiac  and  intracoronary  pressure  upon 
the  pulse  rate,  they  at  least  indicate  that  such  an  effect  is  of  ccmsider- 
ably  less  importance  than  an  increase  of  pressure  within  the  aorta. 

The  Afferent  Path  of  the  Reflex. 

One  or  more  of  three  phjrsiological  systems  of  nerve  fibres  may  be 
conceived  of  as  forming  the  path  of  the  afferent  fibres  which  cause 
stimulation  of  the  cardio-inhibitory  centre  as  the  result  of  increase 

fliiii^^ 


FiGURR  7. —  Two  fifths  the  originaJ  size.     Reflex  slowing  of  heart  after  section  of  accel- 
erator nerve*.    For  description  of  record,  «ee  text. 

of  arterial  pressure;  namely,  the  afferent  fibres  of  the  depressor,  of 
the  accderator  nerves  of  the  heart  and  of  the  vagi.  The  experiments 
to  be  described  in  this  secticHi  were  undertaken  with  the  purpose 
of  determining  which  of  these  three  is  solely  or  in  greater  part 
concerned. 

The  aaoeierkton  <^  tlia  Iiaart. —  The  investigations  to  determine  the 
part  the  accelerators  play  in  this  connection  were  performed  upon 
dogs.  The  thorax  was  opened  in  the  usual  way,  and  ligatures  placed 
around  the  innominate  and  left  subclavian  arteries  and  the  descend- 
ing aorta,  beyond  the  origin  of  the  latter  vessel  and  above  the  point 
at  which  the  aorta  gives  rise  to  the  first  spinal  artery.  The  heart 
rate  was  recorded  by  air  transmission.  Occlusion  of  the  innomi- 
nate, left  subclavian,  and  aorta  in  the  order  named  caused  a  rise 
of  arterial  pressure  confined  to  the  heart  and  a  portion  of  the 
thoracic  aorta.  Reflex  slowing  of  the  heart  as  a  result  of  such 
an  increase  of  pressure  occurred  after  as  well  as  before  section 
of  the  accelerators."  The  results  from  an  experimqit  are  given 
in  Table  III,  and  an  example  of  reflex  slowing  after  section  of 
the  accelerators  in  Fig.  7.     At  the  first  mark  in  this  record  the 

*  The  whole  superior  thoracic  ganglion  of  each  side  was  removed,  and  the  com- 
plete removal  confirmed  at  autopsy. 
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TABLE   HI. 
ErPBcr  OF  Increased  Blood  Pkbssuki  ArrsK  Sbction  op  Accblrratok  Nirvbs. 


Rtht- 
enco 

Procednre. 

Heart  r 

ite  in  10  seconds. 

Befoie. 

During. 

After. 

ACCKLBRATQK  NutVU  INTACT. 

1 

LigatioD    cerabnd    arteiiu    uiA 
urta 

descending 

24 

20 

23 

ACCBLEKATOK  NMVES   CXTT. 

2 

3 

i" 

i 
d 

i 

d 
9 
10 
Uatii 

d 
14 
IS 

Ligation    cerebral    krtcriM    and 

d»«,di,„ 

17 

IT 
16 

■■ 

14.2 
14 

14 
16 

14 

15 

15 
16 

14 

1J.5 

16 

14-11 
9 

15 
7 

12 
9 

16 

16 
16.5 
16 

14-15 

13-lS 
16 
14 

13 
16 
16 

Ligation    cerebral    arleiiei    and 

Ligation    cerebral    arterie*    and 

Ligation  cerebral  arteriea  followed 
ligation  deKcnding  aorta,    .    . 
release  cerebral  arteriM  and    . 

b,  .  .  . 

ligation  descending  aorta     .    . 
release  cerebral  arteries  and    . 

b,  .  .  . 

Ligation   cerebral    arteriei    and 

itm^m. 

release  cerebral  arteries  and 
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cerebral  arteries  were  ligated,  at  the  second  mark  the  aorta,  and 
at  the  third  mark  the  cerebral  arteries  were  released.  The  de- 
crease in  rate  between  the  second  and  third  marks  represents  the 
reflex  slowing  as  a  result  of  the  rise  of  pressure  in  the  aorta  and 
heart.  Following  the  third  mark,  the  increased  pressure  affected 
also  the  cardio-inhibitM-y  centre  directly,  resulting  in  a  still  further 
decrease  in  the  rate.  At  the  fourth  mark  the  aorta  was  released. 
This  record  therefore  shows  the  two  factors  acting  to  bring  about 
a  decrease  in  pulse  rate  with  high  arterial  pressure,  one  reflex,  the 
other  direct,  and  also  the  fact  that  the  former  may  occur  independ- 
ently of  the  accelerator  nerves  of  the  heart.  Finally,  it  is  to  be  men- 
tioned that  a  number  of  experiments  in  this  group  gave  negative 
results,  probably  due  to  the  marked  shock  following  upon  section  of 
the  accelerators  (see  Hunt  (42)). 

The  d«preuor  hmtm  of  tlie  beart.  — To  investigate  the  importance 
of  the  depressors,  rabbits  were  employed.  The  experiments  of 
Biedl  and  Reiner  (36)  and  those  of  Stefani  (37),  and  the  results 
we  obtained  from  a  like  series  of  experiments  performed  at  a  time 
when  we  were  unaware  of  the  work  of  these  investigators,  showed 
that  a  decrease  of  pulse  rate  results  in  rabbits  from  increase  of 
arterial  pressure,  after  as  well  as  before  section  of  the  depressors. 
They  did  not  exclude,  however,  the  possibility  that  the  slowing 
under  these  circumstances  might  be  entirely  of  central  origin.  In 
fact  this  result  led  the  above-mentioned  observers  to  conclude  that 
the  decrease  of  pulse  rate  from  increase  of  arterial  pressure  is  en- 
tirely due  to  the  direct  effect  of  the  increased  pressure  upon  the 
cardio-inhibitory  centre.  The  depressors  were  apparently  consid- 
ered by  them  to  be  the  sole  possible  afferent  path  for  stimuli  arising 
in  the  heart  or  aorta  as  a  result  of  increased  pressure,  and  since 
slowing  of  the  heart  occurred  from  such  increase  after  section  of 
these  nerves,  the  slowing  was  believed  to  arise  solely  from  a  direct 
effect  upon  the  centre.  It  was  therefore  of  importance  to  deter- 
mine whether  or  not  the  reflex  slowing  of  the  heart  fr<Mn  in- 
crease of  blood  pressure  is  present  after  section  of  these  ner\es, 
or  whether  this  part  of  the  mechanism  is  abolished  by  such  a  pro- 
cedure and  the  direct  effect  upon  the  cardio-inhibitory  centre  alone 
remains. 

The  procedure  in  the  experiments  was  similar  to  that  described 
above  in  the  woric  on  the  accelerator  nerves,  except  that  the  chest 
was  not  opened.    The  pulse  rate  was  recorded  by  a  Hiirthle  ma- 
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TABLE   IV. 
Epfkt  op  Increased  Blood  Pkbssuke  aptbr  Sbction  or  Dbpkbssok  Nxkvbs. 

Heu-I  rate  in  five  lecondi. 


Before.        Daring.         After. 


Dbtikssok  Nebvbs  Imtact. 

Ligation  dcKcnding  aorta 20 

Ugation  cerebral  arterlea  followed  by  21 

ligation  descending  aorta    .... 

Dbpkcssok  Nbrves  Cvt. 

Ligation  cerebral  arteiiea  Eollowed  by 
ligation  deacending  aorta    .... 

Repetition  3  a 

Repetition  3t 

Repetition  3  a 

Repetition  3  ^ 

Repetition  3  a ^ 

Repetition  3  ^ 

Repetition  3  a 

Repetition  it 

Repetition  3  a 

Repetittoo  3i 

Ligation  descending  aorta 

Repetition  3  a 

Repetition  3i 

Ligation  descending  aorta 
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nometer  connected  with  the  left  common  carotid.  In  one  experiment 
the  same  cannula  led  also  to  a  mercury  manometer,  the  tube  leading 
to  which  being  partially  occluded  so  that  the  manometer  recorded 
mean  aortic  pressure.  The  right  common  carotid  below  the  origin 
of  the  right  subclavian  and  the  left  subclavian  below  the  origin  of 
the  vertdiral  artery  were  temporarily  occluded  by  ligatures.  The 
thoracic  aorta  was  occluded  by  traction  upon  a  ligature  passed 
through  the  chest  of  the  ani- 
mal by  means  of  a  large  aneu- 
rism needle  and  which  entered 
and  left  close  to  the  vertebral 
column,  —  a  method  of  occlu- 
sion of  the  aorta  with  uncq>ened 
/"'"''''V.  thorax  previously  employed  by 

— j — 5 Guthrie  and  Pike  (43).    The 

depressor    nerves    were 


FIGUM  8.-Aboat  o«-l»lf  the  origbial  ,iie.     ^^°^^    '"    ^^^    n«^-       ^^^^ 
Reflex  slowing  of  heart  after  lection  of  de-     slowing  of  the  heart  frCHn  in- 

preuor  nervw.  For  deacriptioQ  of  record,  crease  of  aortic  and  ventricu- 
lar pressure  was  obtained  after 
as  well  as  before  section  of  these  nerves.  Table  IV  gives  the  results 
from  one  of  these  experiments,  and  an  example  of  reflex  decrease  in 
heart  rate  after  section  of  the  depressors  is  given  in  Fig.  8.  The 
uppermost  line  of  this  record  represents  mean  blood  pressure  ob- 
tained by  partial  occlusion  of  the  tube  leading  from  the  arterial 
cannula  to  a  mercury  manometer.  The  second  line  from  the  tc^ 
is  the  pulse  rate  recorded  by  a  Htirthle  manometer.  The  lowermost 
line  records  the  time  in  one-second  intervals.  At  i  the  cerebral 
arteries  and  at  2  the  descending  thoracic  aorta  were  ligated.  All 
vessels  were  released  at  the  mark  3. 

Summary  and  Conclusion. 

The  slowing  of  the  heart  that  occurs  in  an  animal  with  intact 
vagi  from  increase  of  arterial  pressure  is  due  to  two  factors  which 
normally  act  tt^ether: 

a.  A  direct  effect  of  the  increased  blood  pressure  upon  the  cardio- 
inhibitory  centre.  This  is  shown  in  these  experiments  by  the  in- 
flow of  Ringer's  Solution  into  the  cerebral  vessels  under  a  pressure 
greater  than  the  existing  arterial  pressure,  and  by  the  increased 
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blood  pressure  resulting  from  ligation  of  the  aorta  being  allowed 
to  affect  the  vessels  of  the  centre  by  the  release  of  the  cerebral 
arteries  which  had  been  previously  ligated. 

b.  A  stimulation  of  the  cardio-inhibitory  centre  through  afferent 
nerves,  resulting  in  a  reflex  slowing  of  the  heart.  This  is  shown  in 
these  experiments  by  the  inflow  of  salt  solution  into  the  central 
(cardiac)  end  of  one  or  both  carotids  with  previous  ligation  of  the 
vertebrals,  by  ligation  of  the  aorta  with  previous  ligation  of  the 
cerebral  vessels,  and  by  increase  of  pressure  confined  to  an  isolated 
portion  of  the  thoracic  aorta. 

The  afferent  path  of  this  reflex  has  its  origin,  at  least  to  a  great 
extent,  in  the  thoracic  aorta.  Increase  of  pressure  confined  to  this 
region  caused  a  marked  decrease  of  the  pulse  rate.  Marked  in- 
crease of  intraventricular  pressure  produced  by  ligation  of  the 
ascending  aorta  and  by  inflow  of  salt  solution  undw  high  pressure 
directly  into  the  ventricle,  with  the  exception  of  a  few  cases,  caused 
no  decrease  in  rate.  Increase  of  pressure  in  the  coronary  arteries 
in  some  cases  caused  slowing,  but  never  to  the  d^ree  that  the  same 
increase  of  pressure  in  the  aorta  produced  in  the  same  animal. 
This  was  even  more  true  of  the  decrease  that  was  observed  in  some 
cases  from  increase  of  intraventricular  pressure. 

The  reflex  slowing  of  the  heart  from  increase  of  arterial  pres- 
sure persists  in  dogs  after  section  of  the  cardiac  accelerator  nerves 
and  in  rabbits  after  section  of  the  depressor  nerves.  It  would  seem, 
therefore,  that  the  afferent  path  of  this  reflex  is  made  up  wholly 
or  in  part  of  fibres  contained  in  the  vagus  nerves.  These  experi- 
ments do  not  prove  that  there  are  no  such  fibres  in  the  depressors 
or  accelerators,  but  only  that  they  are  not  exclusively  found  in  these 
nerves. 

Evidence  is  brought  forward  to  show  that  the  reflex  portion  of 
the  mechanism  which  causes  decrease  of  pulse  rate  with  increase  of 
arterial  pressure  may  disappear  while  the  direct  effect  upon  the 
cardio-inhibitory  centre  still  remains. 

Finally,  it  was  found  that  this  reaction  of  the  organism  is  quite 
delicate  and  may  be  much  reduced  or  abolished  by  abnormal  con- 
ditions, such  as  those  to  which  the  research  animal  is  necessarily 
subjected,  especially  when  extensive  operative  procedure  is  required. 
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THE  ANTAGONISTIC  ACTION  OF  CALCIUM  UPON 
THE  INHIBITORY  EFFECT  OF  MAGNESIUM. 

By  S.  J.  MELTZER  and  J.  AUER. 

IFrMit  Ue  Dtfartmmt  of  Phyttalagy  and  Phanaateiogy  ef  tkt  RnelufclUr  Itutittitt 
/bt  Mtdkal  Rtseareii] 

Introductobv. 

/^ALCIUM  and  ma^esium  are  chemically  closely  related  bodies. 
^-^  They  are  also  close  companions  in  the  fluid  and  solid  tissues 
of  the  animal  body.  It  seems  to  be  a  generally  accepted  opinion  that 
both  alkali  earths  exert  influences  in  the  animal  body  which  run  in 
a  similar  direction  and  are  of  a  similar  character.  This  frequently 
goes  even  so  far  as  to  assume  that  both  ions  are  capable  of  substi- 
tuting one  another  in  the  functions  of  the  body.  While  there  was 
a  great  deal  of  work  done  in  recent  years  on  the  antagonism  ex- 
isting between  the  effects  of  calcium,  sodium,  and  potassium 
(Ringer,  Locke,  Howell  and  his  pupils,  Jaques  Loeb  and  his  pupils, 
Overton),  there  was  very  little  work  done  on  the  possible  differences 
between  the  effects  of  calcium  and  magnesium,  not  to  speak  of  an 
antagonism  between  them. 

In  speaking  of  the  effects  of  calcium  and  magnesium  we  intend  to 
deal  here  only  with  their  relations  to  nerve  and  muscle.  Here  we 
encounter  in  the  foreground  the  important  and  extensive  work  done 
by  J.  Loeb  and  his  pupils.  J.  Loeb  ^  put  forward  in  1899  the  view 
that  calcium  and  magnesium  are  ions  which  inhibit  rhythmical  mus- 
cular contractions.  In  studying  the  rhythmical  twitchings  of  the 
frog  gastrocnemius  immersed  in  solutions  of  sodium  chloride  (and 
allied  alkali  compounds),  Loeb  discovered  that  these  rhythmical 
contractions  can  be  inhibited  by  the  addition  of  compounds  of  po- 

'  J.  Loeb  in  Pick's  Festschrift,  republished  in  "  Studies  io  general  physiology," 
Chicago,  1905,  ii,  p.  518. 
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tassiura  or  calcium.  It  was  then  found  further  that  "  the  entire 
group  of  (alkali  earths)  Be,  Mg,  Ba,  Sr,  and  also  Mn  and  Co  "  are 
capable  of  inhibiting  these  rhythmical  contractions.  Barium  was 
later  eliminated  from  this  group,  as  it  was  found  to  cause  contrac- 
tions rather  than  to  inhibit  them.  It  should  be  stated  that,  in  this 
first  paper  as  well  as  in  the  many  subsequent  papers  by  Loeb  himself 
and  also  t^  his  many  pupils,  it  was  the  inhibitory  effect  of  calcium 
which  was  extensively  studied  and  discussed.  The  possible  inhibi- 
tory effect  of  magnesium  upon  muscular  contractions  was  touched 
upon  only  occasionally  and  in  a  perfunctory  way,  while  at  the  same 
time  in  the  studies  upon  artificial  parthenogenesis  MgCl,  received 
foremost  attention.  However,  in  the  recent  writings  of  Loeb  and 
his  pupils  the  inhibitory  effect  of  magnesium  salts  is  brought  out 
more  prominently,  although  some  ^  state  expressly  that  "  calcium 
inhibits  more  strongly  than  magnesium."  ' 

Within  the  last  few  years  we  made  several  communications  on 
the  effects  of  magnesium  salts.*  They  were  all  based  on  the  hypoth- 
esis that  magnesium  favors  inhibik>ry  processes  in  the  animal  body. 
Some  of  the  essential  facts  reported  by  us  were  that  subcutaneous 
or  intravenous  injections  of  magnesium  salts  cause  a  state  of  anes- 
thesia and  paralysis  from  which,  if  the  dose  be  not  too  large,  the 
animal  may  completely  recover. 

The  starting-point  for  our  hypothesis  was  the  observation,  made 
several  years  before  the  first  c(»nmunication,  that  an  intracerebral 
injection  of  two  or  three  drops  of  magnesium  sulphate  caused  a 
peculiar  paralysis  of  the  animal,  while  the  injection  of  other  salts 
was  either  indifferent  or  caused  convulsions.    This  observation  was 

'  Bancroft  :  The  journal  of  biological  chemistry,  1907,  iif,  p.  309. 

*  The  following  variations  of  the  same  statement  might  perhaps  serve  as  ao 
illuatratioD.  In  the  first  article  (Fick's  Festschrift,  1899)  we  read:  "We  are  there- 
fore indebted  to  the  calctuin  contained  in  our  blood  for  the  fact  that  our  muscles 
do  not  twitch  continually  "  (quoted  from  "  Studies  in  general  physiology,"  part  ii, 
p.  J30,  footnote).  "  It  is  due  to  the  presence  of  Ca-  (and  K-)  ions  in  our  blood 
that  onr  muscles  do  not  contract  rhythmically  "  (This  journal,  1900,  iii,  p.  328). 
"  As  I  stated  six  years  ago,  we  owe  it  to  the  Ca-  and  Mg-salts  in  our  blood  that  our 
skeletal  muscles  do  not  contract  riiythmically  like  our  heart"  (The  dynamics  of 
living  matter,  1906,  p.  79). 

.  *  Meltzbk  and  Auer  :  This  journal,  19051  xiv,  p-  366 ;  1906,  xv,  p.  387 ;  1906, 
=^i  P-  233;  1906-1907,  xvii,  p.  313.  Meltzer:  Medical  record,  1905,  Ixviii, 
p.  965.  Meltzer  and  Haubold  :  Journal  of  the  American  Medical  Association, 
1906,  xlvi,  p,  647.  Meltzer  and  Auer  -.  Journal  of  experimental  medicine,  1906, 
viii,  p.  692. 
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demonstrated  to  the  American  Physidogical  Society  at  the  New 
Haven  meeting,  1899." 

While  we  are  thus  in  full  agreement  with  J.  Loeb  in  regard  to 
the  inhibitory  effect  of  magnesium,  we  could  never  persuade  our- 
sdves  to  an  acceptance  of  the  view  that  calcium  also  was  a  pure 
inhibitory  factor.  We  are  further  not  sure  whether  or  not  our 
definition  of  inhibition  coincides  with  the  one  entertained  by  Loeb 
and  his  pupils.  In  our  papers  we  variously  took:  occasion  to  define 
the  meaning  of  inhibition  as  we  use  it.  It  ts  an  inhibition  as 
exemplified  by  the  vagus  inhibition  of  the  heart  or  the  splanchnic 
inhibition  of  intestinal  peristalsis.  It  is,  then,  not  simply  the  pre- 
vention of  a  rhythmic  movement,  or  the  suppression  of  any  vital 
process ;  it  is  the  reduction  or  abolition  of  the  irritability  of  the  con- 
tractible  tissues,  including,  of  course,  also  the  abolition  of  clonic  or 
tonic  contractions,  that  is,  the  production  of  a  relaxation  of  the  con- 
cemed  muscular  tissues.  From  this  point  of  view  we  could  never 
think,  as  Loeb's  pupils  do,  of  looking  upon  the  reduction  or  sup- 
pression of  diuresis,  upon  the  suppression  of  glycosuria,  or  upon  the 
pT-evention  of  hemolysis  by  calcium  salts,  as  inhibitory  phenomena. 
These  suppressions  might  have  been  induced  by  some  active,  excit- 
ing, and  not  by  an  inhibitory  process.  Furthermore,  it  does  not 
seem  to  us  that  the  suppressicm  of  muscular  twitching  on  a  certain 
occasion  is  an  all-sufiicient  fact  for  the  consideration  of  calcium  as 
a  general  inhibitory  agent.  It  may  still  be  an  excjting  agent  at  other 
times.  Potassium,  for  instance,  which,  according  to  Loeb,  sup- 
presses the  twitchings  just  as  well  as  calcium,  causes,  according  to 
Zoethout,'  a  pupil  of  Lod),  a  tonic  contraction  of  the  frog's  gastroc- 
nemius muscle,  which  is  surely  an  exciting  process.  Moreover,  this 
tonic  contraction  caused  by  potassium  can  be  inhibited  by  sodium 
chloride  (Zoethout).  Should  we  consider  sodium  chloride  also  an 
inhibitory  agent? 

'  Mbltzbr:  This  journal,  1900,111,  Proceedingsofthe  American  physiological 
Society.  In  our  first  communication  on  the  effecti  of  magnesium  salts,  where  we 
'  hai^givensoraereferencestothelitemtureon  that  subject,  we  inadvertently  omitted 
to  mention  Loeb's  view  of  the  inhibitory  effect  of  magnesium.  We  regret  this 
oversight.  It  was  caused  by  the  fact  that  until  that  time  Loeb  himself  discussed 
essentially  and  extensively  the  inhibitoiy  effect  of  calcium,  so  that  his  casual  brief 
references  to  magnesium  entirely  slipped  our  mind.  We  may  mention  here  also 
that,  according  to  Lek,  The  microtomist's  vademecum,  4th  ed.,  1896,  p.  16,  Tull- 
BERG  (1892)  and  Radenbaugh  (1895)  suggested  the  employment  of  m^^esium 
salts  for  the  anesthesia  of  certain  invertebrate  animals. 

•  Zoethout  r  This  journal,  190a,  vii,  p.  199- 
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Again,  caldum  itself  decreases  the  irritability  in  one  set  of  in- 
stances, in  another  set  it  unquestionably  increases  the  irritability  of 
muscle  and  nerve,  and  we  do  not  need  for  this  purpose  to  draw  the 
mechanism  of  the  heart  beat  into  the  discussion.  The  paralyzing 
effect  of  potassiiun,  lithium,  rubidium,  and  caesium  salts  upon  muscle 
and  nerve  trunks  can  be  promptly  neutralized  by  the  addition  of 
calcium  chloride  (Overton^).  The  restoration  of  the  lost  irrita- 
bility in  these  cases  is  surely  a  phenomenon  just  opposite  to  inhi- 
bition. Furthermore,  the  abolition  of  indirect  irritability  by  sodium 
chloride  (Carslaw,*  Ijocke,"  Gushing,*" )  and  the  "curare-tlike  effects" 
of  the  salts  of  potassium,  rubidium,  ammonium,  and  caesium  (Over- 
ton*^), is  promptly  corrected  by  the  addition  of  calcium.  Here, 
again,  calcium  exerts  a  distinctly  exciting  and  not  an  inhibitory 
effect  upon  the  motor  nerve  endings. 

In  harmony  with  these  facts  was  our  own  experience  with  calcium 
in  its  effect  upon  living  mammals.  We  may  mention  it  here  briefly. 
Except  for  the  inhibitory  effect  upon  intestinal  peristalsis  (J.  B. 
MacCallum)  we  could  never  produce  by  subcutaneous  or  intravenous 
injections  of  calcium  salts  an  anesthetic  or  paralytic  effect  in  any 
way  similar  to  thai  produced  by  magnesium  salts.  Even  tvhen  large 
fatal  doses  were  employed  by  intravenous  injections,  the  animal  was 
wide  awake  and  the  lid  reflex,  etc.,  was  preserved  until  shortly  before 
death. 

On  the  basis  of  all  these  facts  we  could  not  persuade  ourselves 
that  the  various  interesting  and  important  phenomena  observed  by  ■ 
Locb  and  his  pupils  upon  the  effects  of  calcium  justified  the  positive 
assumption  that  calcium  is  an  exclusively  inhibitory  agent.  More- 
over, we  could  not  agree  with  the  assumption,  made  by  many  others 
besides  Loeb  and  his  school,  that  calcium  and  magnesium  are  exert- 
ing a  similar  effect  upon  animal  tissues.  Our  own  studies  **  brought 
out  various  facts  showing  a  striking  contrast  between  the  effects 
of  these  two  chemical  elenfents. 

The  continuation  of  the  last-mentioned  studies  led  up,  finally,  to 
the  discovery  that  calcium  is  rather  the  strongftst  antagonist  to  the 

^  Overton  :  Archiv  fiir  die  gesammte  Physiologie,  1904,  cv,  p.  176. 

*  Carslaw  :  Archiv  fiir  Physiologic,  1887,  p.  439. 

*  Locke  :  ZentnlblaU  fur  Physiologic,  1894,  viii,  p.  166. 
"  CusHiNQ :  This  journal,  1902,  vj,  p.  77. 

"  Overton  :  Lo£.  at. 

>*  Meltzkr  and  Auer  :  Journal  of  experimental  medicine,  1908,  x,  p.  45. 
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inhibitory  effects  of  magnesium.  The  report  of  these  observations 
forms  the  subject  of  this  papier. 

Before  entering  upon  the  report  we  wish,  however,  to  make  the 
statement  that  Loeb"  himself  recently  reported  certain  facts  show- 
ing the  existence  of  an  antagonism  between  calcium  and  magnesium 
in  their  effects  upori  a  jelly-fish  (Polyorchis)  found  on  the  Pacific 
coast,  and  that  Anne  Moore,^*  a  pupil  of  Lorf),  reported  several 
years  before  that  the  poisonous  effect  of  a  pure  MgClj  solution  upon 
a  fresh-water  fish  (trout)  can  be  neutralized  by  the  addition  of 
CaO,. 

Alfred  G.  Meyer  *'  states  that  calcium  assists  sodium  chloride  in 
counteracting  the  inhibitory  effect  of  magnesium  which  the  latter 
exerts  upon  the  movements  of  Cassiopea. 


Experiments  on  the  Antagonistic  Action  of  Calcium  to 
THE  Inhibitory  Effects  of  Magnesium. 

HMliodB.  —  The  observations  to  be  reported  in  this  paper  were 
made  essentially  on  rabbits.  The  solutions  of  magnesium  salts  were 
given  either  subcutaneously  or  intravenously ;  the  calcium  salts  were 
given  in  all  cases  intravenously,  in  some  cases  through  the  ear  vein, 
in  others  through  a  cannula  inserted  into  one  of  the  external  jugu- 
lar veins.  Of  the  various  magnesium  salts  there  were  used :  the 
sulphate,  chloride,  nitrate,  and  acetate ;  of  the  calcium  salts :  the 
chloride,  nitrate,  and  acetate.  For  the  subcutaneous  injection  of 
magnesium,  m/i  concentrations  were  used  in  all  cases.  In  the  intra- 
venous experiments  the  magnesium  salts  were  used  in  various  con- 
centrations, mostly  in  m/8  solutions.  The  calcium  salts  in  all  cases 
were  w/8.  The  influence  of  these  salts  upon  respiration,  blood  pres- 
sure, cardiac  vagus,  etc.,  were  studied  ii]  numerous  experiments  by 
the  graphic  method.  Also  stimulations  of  the  peripheral  and  central 
ends  of  a  sciatic  nerve  were  made  for  the  purpose  of  studying  the 
antagonistic  effects  under  discussion  upon  the  motor  and  sensory 
functions. 

1*  Loeb  :  Journal  of  biolc^cal  chemistrj,  1905-1906,  i,  p.  427. 
■*  Anne  Moore:  This  journal,  1901,  iv,  p.  391. 

■•  Alfred  G.  Meyer  :  Rhythmical  pukatioa  in  Scjrpho.mednsK,  Carnegie 
Institution  of  Washington,  1906,  p.  46. 
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In  all  experiments  which  required  cutting,  ether  was  used  freely 
during  the  time  of  deration. 

Bxperimenta  irith  Biiboutaiieona  iujectiona  of  mBgaeBlam  BBlts.  —  In 
our  first  paper  on  general  anesthesia  due  to  magnesium  salts,  we 
stated  that  for  magnesium  sulphate  in  subcutaneous  injections  the 
anesthetic  dose  is  between  1.25  and  1.75  gm.  per  kilo.  (The  water 
of  crystallization  is  included  in  all  our  figures.)  Doses  exceeding 
1.75  per  kilo  were  usually  fatal.  For  MgClj  the  dose  was  even 
lower.  With  an  anesthetic  dose,  thirty  to  forty  minutes  after  a  sub- 
cutaneous injection,  the  animal  would  usually  lie  perfectly  limp  with- 
out any  lid  reflex  and  without  a  reaction  to  a  stimulation.  When 
the  dose  exceeded  the  safety  point,  the  respiration  would  cease  pretty 
early  after  the  injection,  the  cardiac  activity  usually  persisting  longer 
than  the  respiration. 

In  our  present  series  we  usually  employed  fatal  doses  of  the  mag- 
nesium salts,  and  calcium  was  injected  at  various  stages  after  the 
onset  of  a  pronounced  effect.  We  shall  illustrate  our  results  with 
a  few  abbreviated  protocols. 

Experiment  i.  —  Gray  male  rabbit,  1550  gm. 

10  A.  M.  Injected  subcutaneously,  middle  of  abdomen,  13  c.c. 
MgCl2  in  w/i  solution  ^^  about  2  gm.  per  kilo. 

10.30.  Respiration  very  shallow,  slow,  practically  no  lid  reflex, 
limp.  Injected  through  ear  vein  8  c.c.  CaCI^  in  mi/8  solution. 
Respiration  at  once  deepened  and  quickened,  animal  turned  over 
and  sat  up. 

10.50.  Again  under  the  influence  of  magnesium,  lying  on  side, 
but  respiration  good.  Injected  again  6  c.c.  of  CaClg  m/8  through 
ear  vein.    Animal  turns  over,  sits  up,  and  remains  well. 

Two  grams  per  kilo  of  MgCl^  is  a  surely  fatal  dose ;  the  animal 
was  completely  paralyzed  and  already  very  near  a  fatal  issue.  The 
injection  of  CaCI^  immediately  improved  the  respiration  and  re- 
versed the  paralysis. 

Experiment  z.  —  Gray  female  rabbit,  1210  gm. 

II. 10,  Injected  subcutaneously  in  the  right  side  of  abdomen 
10  c.c.  MgCl^  in  m/i  solution;  slight  loss;  added  2  c.c,  of  the 
solution ;   altogether  more  than  2  gm.  per  kilo  of  MgCI^. 

11.40.  Lid  reflex  gone,  respiration  slow  and  shallow,  completely 
relaxed,  no  response  on  pinching  tail  or  leg. 


Digitized  by  Google 


4o6  5".  /.  Meltser  and  J.  Auer. 

Injected  through  ear  vein  6  c.c.  w/8  CaClj.  After  2  Cc.  respi- 
ration deepened  and  quickened;  after  finishing  the  injection  lid 
reflex  active  and  animal  turns  over  and  sits  up. 

I2.IO.     No  lid  reflex  again,  respiration  shallow.     Again  given 
through  ear  vein  6  c.c.  «i/8  CaClj.    Same  effect  as  before,  animal 
sits  up  and  remains  normal. 
Experiment  j.  —  White  rabbit,   1450  gm.     Animal  on  holder,   ether 
given,  and  a  cannula  inserted  into  the  left  jugular  vein. 

10.15.  Injected  subcutaneously  14.5  c.c.  MgSO^  in  m/i  solu- 
tion =  2.5  gm.  per  kilo. 

10.35,     Respiration  rapid  and  shallow.  lid  reflex  reduced. 

10.42.  Respiration  shallow  and  labored,  l^s  limp,  lid  reflex 
slight. 

10.44.  Started  calcium  acetate,  running  slowly  from  burette 
into  external  jugular  vein.  Respiration  improved  at  once,  is  deeper 
and  more  rapid,  hind  legs  become  stiff. 

10.50.  10  c.c.  ran  in.  Lid  reflex  active,  respiration  good. 
Strong  struggle  mi  pinching  toes, 

12.OQ.  Respiration  and  heart  good,  but  lid  reflex  reduced  again 
and  only  moderate  motion  on  pinching  tail. 

1. 15,     Breathes  easily,  moves  occasionally  with  some  vigor, 

3.00.  Wound  sewed  up  and  animal  taken  from  table.  No  fur- 
ther trouble. 

On  account  of  the  large  dose  of  MgS04  and  the  occasional  failure 
of  the  ear  vein  method,  when  it  is  most  urgently  needed,  a  cannula 
was  inserted  into  the  external  jugular  vein.  Although  the  dose  of 
MgSOj  in  this  experiment  was  quite  large,  the  single  dose  of  10  c.c. 
tn/S  calcium  acetate  was  sufficient  to  bring  about  complete  recovery 
of  the  animal  without  sequela,  A  noteworthy  incident  is  the  stiff- 
ness of  the  legs  after  the  introduction  of  CaCl^,  a  sharp  contrast  to 
the  paralysis  fust  a  few  minutes  before. 

Experiment  4.  —  White  and  black  male  rabbit,  1070  gm.  Animal  on 
holder,  ether  given,  and  cannula  inserted  into  the  external  jugular 
vein. 

12.05.  Injected  subcutaneously  in  the  epigastric  region  13  c.c. 
MgSO^  in  m/i  solution  ^=  3  gm,  per  kilo. 

12.38,  Lid  reflex  nearly  gone,  breathing  very  shallow,  some 
slight,  short  twitchings  (asphyxia?). 

12.40.  Lid  reflex  completely  gone,  animal  completely  paralyzed, 
no  response  on  pinching  tail,  respiration  very  shallow. 

12.45.  Respiration  hardly  perceptible,  heart  good.    Started  ih/8 
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Ca(CHgCOO)2  from  burette  very  slowly.     Respiration  immedi- 
ately deeper  and  more  rapid. 

12.47.  2  ex.  of  the  calcium  acetate  ran  in  so  far.  Lid  reflex 
returned,  sensation  present,  struggled  twice. 

12.50.  Legs  stiff,  left  extended,  right  flexed,  but  resistant  to 
motion. 

12.55.     10  C.C.  in;   stopped  the  infusion. 
1.05.     Respiration,  heart,  lid  reflex  good.    Animal  attempts  to 
free  itself. 

2.45.  Respiration,  heart,  sensation  good,  lid  reflex  less  prompt. 
Given  again  4  c.c.  calcium  acetate  and  animal  taken  from  Ixiard; 
uneventful  recovery. 

In  this  experiment  the  rabbit  recovered  from  a  dose  of  3  gms. 
MgSO*  per  kilo,  and  again  the  one  dose  of  10  c.c.  calcium  acetate 
was  practically  sufHcient  to  bring  about  permanent  recovery;  and 
here  again  there  was  stiffness  of  the  legs  after  the  use  of  calcium 
acetate. 

Experiment  j.  —  White  male  rabbit,  1530  gm. 

11.05.  Injected  subcutaneously  12.5  c.c.  magnesium  nitrate  in 
m/i  solution  ^  2  gm.  per  kilo. 

11.25.  Lying  on  side,  slow  and  shallow  respiration,  no  lid 
reflex. 

Injected  through  ear  vein  7  c.c.  calcium  nitrate  in  m/S  solution. 
Immediately  after  finishing  injection  animal  sat  up  and  moved 
around.    Respiration  excellent. 

11.45.  Lying  on  side  again,  no  response  to  pinching  tail  or  leg, 
respiration  shallow,  and  no  lid  reflex,  i  c.c.  calcium  nitrate  given 
through  ear  vein.    Animal  sat  up. 

11.55.  Lying  on  side  again.  Attempt  made  to  give  again  cal- 
cium nitrate  by  ear  vein,  but  was  unsuccessful. 

Z.05.  Lying  on  side  still,  urinated  a  good  deal ;  respiration 
slow,  but  fairly  deep.  Responds  with  movements  of  extremities 
to  pinch  of  tail.  (Animal  found  dead  next  morning,  death  appar- 
ently being  due  to  perforation  of  the  colon  produced  in  an  attempt 
to  wash  it  out.) 

Experiments  like  the  above  were  made  in  large  number  and  prac- 
tically without  a  single  failure.  .As  long  as  there  were  some  efficient 
heart  beats  and  a  few  gasps  of  respiration,  the  intravenous  injec- 
tion of  a  solution  of  calcium  chloride  infallibly  improved  the  respi- 
ration instantaneously  and  revived  the  animal.    .\s  can  be  seen  from 
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the  above  protocols,  with  the  assistance  of  the  calcium  injections 
animals  survived  even  such  large  fatal  doses  as  3  gm.  per  kilo  of 
a  magnesium  salt.  When  the  quantity  of  the  subcutaneously  in- 
jected magnesium  salt  exceeded  the  fatal  dose  perceptibly,  frequently 
a  single  injection  of  a  calcium  salt  would  not  be  sufficient  to  estab- 
lish the  recovery  permanently.  After  a  sudden  and  apparently  com- 
plete awakening  from  the  deadly  influence  of  the  magnesium,  the 
animal  would  gradually  sink  for  a  second  time  into  a  comatose  state. 
A  second  injection  would  again  completely  reawaken  it.  In  most 
eases  such  a  second  injection  was  apparently  unnecessary.  If  for 
some  reason  the  second  injection  was  not  made,  the  animal,  as  a  rule, 
finally  recovered  anyhow.  Without  the  second  injection  the  animal 
would  lie  in  an  anesthetic  and  relaxed  state  for  hours,  but  the  res- 
piration seemed  not  to  be  in  danger.  Here  was  the  significant  dif- 
ference between  the  anesthetic  state  before  the  first  injection  of  the 
calcium  and  the  similar  state  which  set  in  again  after  this  injection : 
that  the  first  primary  state  was  progressive,  full  of  immediate  dan- 
ger for  the  respiration,  while  the  second  state  was  at  the  worst 
stationary,  and  with  a  tendency  to  regression,  the  respiration  being 
at  no  time  in  real  danger. 

The  reason  for  the  relapse  into  the  secondary  state  seems  to  be 
simply  this :  the  intravenously  injected  calcium  is  capable  of  neu- 
tralizing of  course  only  that  part  of  the  magnesium  which  it  finds 
already  absorbed  from  the  subcutaneous  tissues.  But  since  the 
magnesium  continues  to  be  absorbed  after  the  injection  of  the 
calcium,  especially  when  the  injected  magnesium  dose  was  large,  a 
new  state  of  anesthesia  is  liable  to  come  on.  However,  the  effect  of 
the  magnesium  upon  the  respiratory  centre  seems  to  be  easily  kept 
in  check  even  by  a  very  small  dose  of  calcium,  and  such  a  small  dose 
seems  to  remain  active  for  some  time  after  an  intravenous  injec- 
tion of  that  substance,  as  will  be  seen  in  experiments  to  be  described 
later.  Hence  the  favorable  condition  in  the  secondary  state  of  anes- 
thesia which  sets  in  after  an  injection  of  calcium. 

A  large  dose  of  calcium  is  sometimes  sufficient  to  neutralize  effi- 
ciently all  the  depressing  effects  of  the  subsequently  absorbed  mag- 
nesium, as  can  be  seen  from  Experiments  3  and  4,  in  which  a  single 
injection  of  10  c.c,  calcium  was  sufficient  to  overcome  a  magnesium 
dose  of  2.5  or  3  gm.  per  kilo. 

From  these  considerations  it  follows  that  the  later  the  injection 
of  calcium  is  given,  the  better  the  chance  of  neutralizing  a  larger 
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part  of  the  absorbed  mapiesium.  On  the  other  hand,  we  have  to 
record  the  fact  that  the  danger  of  respiratory  paralysis  can  be  obvi- 
ated by  an  injection  of  only  a  small  quantity  of  a  calcium  salt,  as 
we  have  learned  in  experiments  which  were  prepared  for  a  demon- 
stration or  for.  photographing.  At  the  approach  of  danger  an  in- 
jection of  I  c.c.  of  calcium  will  keep  the  animal  out  of  danger  for 
some  time,  while  it  will  remain  in  a  ccwnplete  state  of  anesthesia. 
Fig.  I  illustrates  the  last-mentioned  condition.     The  animal  received 


FtcvRB  1.  — Rabbit  under  the  influence  of  2  gm.  KlcVRE  2.  — SameanimalleMihan 

.    MgCl)  (crystals)  per  kilo  body  weight,  given  sub-  one  miiiute  after  an  inttavenous 

cutaneously  in  n/l  solution.   In  order  to  prevent  Injection  (ear  vein)  of  6  c.c.  m/S 

respiralary  paralysis  from  this  lethal  dose  1  c.c.  CaClj.      Animal   able  to   move 

of  n/S  CaCI]  had   been  iniecied  into   the  ear  about  easily, 
vein.    Note  complete  relaxation  of  animal. 

MgClj  subcutaneously  2  gm.  per  kilo  for  the  purpose  of  having  it 
photographed  before  and  after  the  injection  of  calcium.  However, 
twenty-five  minutes  after  the  injection  the  animal  was  very  coma- 
tose, bordering  closely  on  the  danger  line,  while  the  arrangements 
for  photographing  were  not  yet  ready.  The  animal  received  then 
I  c.c.  of  CaClj  m/8  through  the  ear  vein.  It  remained  then  for  over 
half  an  hour  in  a  stationary  state  of  deep  anesthesia,  at  the  end  of 
which  time  it  was  photographed.  The  picture  shows  the  complete 
relaxation  of  the  entire  animal,  which  could  be  placed  in  any  posi- 
tion; it  shows  also  the  clamp  upon  the  ear  margin,  where  the  injec- 
tion was  given.  Fig.  2  shows  the  same  animal  about  one  minute 
after  an  injection  of  6  c.c.  of  CaClj  in  the  marginal  vein  of  the  same 
ear  in  which  the  first  injection  was  given. 

When  the  quantity  of  magnesium  injected  was  not  much  more 
than  the  maximum  anesthetic  dose,  an  intravenous  injection  of  a 
few  c.c.  of  a  calcium  salt  in  »i/8  solution  restored  the  animal  per- 
manently to  a  normal  state.  A  number  of  rabbits  received,  at  in- 
tervals of  one  or  two  days,  several  injections  of  magnesium  and 
calcium  salts  without  anv  noticeable  detriment. 
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We  shall  cite  here  one  more  protocol  of  an  experiment  on  a 
monkey. 

Experiment  d.  — Female  monkey  (Macacus  rhesus),  2200  gm. 

12.00  M.  Injected  subcutaneously,  front  of  thorax,  9  c.c.  of 
MgSO^  in  Mi/i  solution  ;^  i  gm.  per  kilo,  and  returned  animal 
to  the  cage. 

i.oo.  Found  perfectly  limp  in  cage,  only  occasional  very  shal- 
low respiration ;  no  lid  reflex ;  heart  beating  well.  A  cannula  wa& 
hurriedly  introduced  into  the  right  femoral  vein  and  2  c.c.  calcium 
acetate  in  >n/8  solution  injected.  At  once  respiration  became  deep 
and  rapid,  lid  reflex  active;  moved  legs.  Animal  remains  on 
holder. 

1.40.  Respiration  fair,  but  with  active  expiration;  does  not 
follow  objects  with  the  eyes. 

142.  Injected  again  through  femoral  vein  2  c.c.  ni/8  calcium 
acetate.  Respiration  at  once  deepened,  became  more  rapid,  and 
less  expiratory  in  character ;  lid  reflex  active ;  no  change  in  heart 
rate.  Follows  movements  of  people  with  the  eyes,  moves  head ; 
no  movements  of  arms  and  legs.  Remained  in  about  the  same 
condition  until  about  4.30,  when  she  began  moving  arms  and  legs. 

4.55.     Shows  fight  now.  opens  mouth  when  approached. 

5,30.  Wound  sewed  up,  attempts  to  escape  when  removed 
from  holder.    Sits  up  in  cage,  moves  about;  completely  recovered. 

The  injection  was  given  probably  into  the  pectoral  muscle,  or  at 
least  subfascially,  as  in  purely  subcutaneous  injections  i  gm.  per 
kilo  has  never  such  a  profound  effect  upon  monkeys.  The  neutral- 
izing effect  of  the  calcium  injection  was  as  striking  here  as  in 
rabbits. 

In  the  foregoing  experiments  we  learned  that  the  intravenous  in- 
jection of  any  calcium  salt  is  capable  of  neutralising  nearly  instan- 
taneously all  the  symptoms  produced  by  the  subcutaneous  injection 
of  any  magnesium  salt.  We  hardly  need  to  state  expressly  that  the 
intravenous  injection  of  calcium  will  not  neutralize  all  doses  of 
magnesium.  We  did  not  go  further  in  the  subcutaneous  injections 
of  magnesium  salts  than  4  gm,  per  kilo.  In  this  case  the  calcium 
injections  relieved  temporarily  the  symptoms,  but  the  heart  became 
irregular  and  failed  ultimately,  after  a  good  deal  of  calcium  was 
given. 

Bxperimsnta  with  iiitrftv«>)OUB  Injections  of  magnMlum.  —  We  shall 
now  relate  some  of  our  observations  made  in  experiments  in  which 
both  salts  were  given  slowly  intravenously. 
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Experiment  7.  —  White  female  rabbit,  2650  gm.  Ether;  cannulas 
introduced  into  both  external  jugular  veins  and  connected  with 
burettes,  one  containing  MgCl^  in  m/2  solution  and  the  other  con- 
taining CaClj  in  w/8  solution;  tracheotfrniy ;  a  pleural  cannula 
introduced  into  the  left  pleural  cavity  and  left  lung  redistended; 
cannula  connected  with  a  Marey  tambour  to  record  the  respiration. 
After  the  animal  recovered  sufficiently  from  the  ether,  MgCl^ 
was  run  into  the  jugular  vein  fairly  slowly,  about  i  c.c.  in  two 
minutes.  After  nine  minutes,  when  about  4j^  c.c.  had  been  in- 
fused, the  animal  became  asphyxiated  and  artificial  respiration 
was  started.  The  infusion  of  MgCl^  continued.  About  a  minute 
later  the  artificial  respiration  was  discontinued  for  twenty-four 
seconds  and  no  sign  of  spontaneous  respiration  appeared,  the 
writing-lever  marking  only  the  heart  beats.  The  artificial  respi- 
ration was  resumed.  It  was  discontinued  again  after  forty-five 
seconds,  and  thirty-two  seconds  later,  after  no  sign  of  a  spontane- 
ous respiration  had  appeared,  the  infusion  of  m/8  CaCl^  into  the 
other  jugular  vein  began,  while  the  infusion  of  m/2  MgCl  Still 
continued.  A  few  seconds  later  the  first  spontaneous  respiration 
appeared,  and  within  twenty  seconds,  when  not  much  more  than 
half  a  cubic  centimetre  of  the  calcium  solution  had  entered,  the 
respiration  was  quite  normal  again,  (The  tracings  in  Fig.  3  illus- 
trate the  essential  points  of  the  above  statement.) 

This  experiment  demonstrates  that  a  minute  quantity  of  a  dilute 
solution  of  calcium  chloride  is  sufficient  to  practically  instantaneously 
restore  the  respiration  inhibited  by  7  c.c.  of  m/2  magnesium  chloride. 
However,  we  have  to  add  that  in  this  instance  after  the  first  appear- 
ance of  asphyxia  less  than  2  c.c,  magnesium  was  given  and  less  than 
four  minutes'  time  passed  before  the  infusion  of  the  solution  of  the 
calcium  salt  was  begun.  The  neutralizing  effect  of  the  calcium  loses 
its  promptness  in  proportion  with  the  increase  of  the  quantity  of 
magnesium  salts  infused  and  with  the  prolongation  of  the  interval 
passing  between  the  appearance  of  asphyxia  and  the  beginning  of 
infusion  of  the  calcium  solution,  so  that  a  condition  may  finally  pre- 
sent itself  when  the  administration  of  calcium  may  remain  with  very 
little  or  even  with  no  effect. 

Experiment  8.  —  Black  female  rabbit,  1480  gm.  Ether ;  cannulas  in 
both  external  jugular  veins;  tracheotomy;  left  sciatic  exposed, 
intact,  placed  in  a  Ludwig  electrode  and  connected  with  an  induc- 
tion coil  (Porter) ;  ether  discontinued. 
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12.05.  Start  infusion  of  m/%  MgClj  into  left  jugular  vein. 
Stimulation  of  sciatic  with  100-coil  distance  gives  a  strong  con- 
traction of  the  left  leg  as  well  as  a  general  reaction. 

12.13.  •?  C-c.  ran  in,  lid  reflex  gone,  respiration  very  shallow, 

12.14.  Practically  no  respiration,  starting  artificial  respiration. 


Figure  3.  —  Respiratory  tracing  taken  by  means  of  a  cannula  from  the  pleura)  caviljr. 
The  horizontal  line  cutting  the  tracing  marks  atmospheric  pressure :  above  the  line 
is  positive  pressure,  below  the  line  it  negative  pressure.  Time,  sii-second  intervals. 
The  beginning  of  the  curve  shows  artificial  respiration,  spontaneous  respiration  having 
been  abolished  by  m/2  MgClg  still  flowing  in;  at  the  point  marked  X  artificial  respi- 
ration was  discontinued,  and  the  curve  now  shows  volume  changes  due  to  the  heart 
beatt.  For  over  thirty  seconds  no  spontaneous  rrsplrations  appeared;  then  (at  the 
arrow-mark)  m/i  CaCl,  was  infused  slowly  into  the  jugular  vein,  w/2  MgClj  still 
running  into  the  other  jugular  vein  al  the  original  rate.  After  less  than  six  seconds 
spontaneous  respirations  appeared  in  normal  strength  and  rate  (the  down  stroke  in 
this  part  of  the  curve  marks  Inspiration) ;  and  negative  pressure  was  largely  re-estab- 
lished in  the  pleural  cavity  after  less  than  1  cc.  of  Ca  had  entered  the  circulation. 

12.15.  21  CC.  infused-  Sciatic  100:  left  toes  move,  also  right 
reflexly,  but  no  pain. 

12.17.  Sciatic  100:  very  slight  contraction  of  left  toes,  no 
reflex  to  right. 

12.21.  Began  infusion  of  CaCl^  »(/8  into  right  jugular  vein; 
4  cc.  ran  in  fairly  rapidly.  (MgCl^  continued.)  Respiration  be- 
gan at  once.  Sciatic  100:  good  contraction  of  left  hind  leg,  strong 
reflex  to  right  hind  leg  and  also  to  front  legs. 

In  this  experiment  spontaneous  respiration  was  abolished  by  the 
magnesium  solution  long  before  a  great  reduction  of  irritability  of 
the  sciatic  nene  to  electrical  stimulation  was  obtained,  and  here  again 
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the  irritability  for  afferent  impulses  was  affected  earlier  than  for 
motor  impulses.  Both,  however,  were  reduced  nearly  to  zero,  at  least 
for  the  ori^nal  strength  of  stimulus,  and  the  irritability  of  both  re- 
covered fairly  well  socm  after  the  infusicn  of  4  c.c.  m/8  CaClj. 

In  some  of  the  experiments  of  the  kind  last  quoted,  after  the  first 
recovery  of  the  animal,  the  experiment  was  repeated  by  again  bring- 
ing the  animal  under  the  influence  of  magnesium,  and  attempting  to 
attain  at  least  a  temporary  recovery  by  a  second  infusion  of  a  calcium 
solution.  In  these  instances  it  was  often  noticed  that  it  now  took  a 
much  larger  dose  of  the  magnesium  salt  to  completely  abolish  respi- 
ration than  on  first  trial,  and  that  now  the  motor  and  sensory  func- 
tions, as  tested  by  stimulations  of  the  sciatic  nerve,  succumb  to  the 
influence  of  magnesium  more  readily  than  the  respiratory  mech- 
anism, —  a  condition  which  is  the  reverse  of  that  which  usually  takes 
place  at  the  primary  experiment.  Apparently  the  respiratory  mech- 
anism, which  becomes  affected  by  magnesium  more  readily  than  any 
other  function,  is  also  more  easily  protected  against  this  influence  by 
caicium.  In  the  secondary  experiments,  therefore,  the  remainder  of 
the  calcium  (within  the  blood  or  the  tissues?)  from  the  previous 
infusion  is  still  able  to  keep  up  the  resistance  of  the  respiratory  mech- 
anism against  the  renewed  attack  of  the  magnesium. 

The  behavior  of  the  motor  functicm  of  the  sciatic  nerve  with  ref- 
erence to  the  reversing  effect  of  calcium  was  not  as  simple  and  uni- 
form as  that  of  the  other  functions,  for  instance  as  that  of  the  lid 
reflex  or  the  respiration.  In  the  first  place  the  degree  and  the  rapid- 
ity of  recovery  was  variable.  While  it  was  prompt  and  complete  in 
one  case,  it  was  slow  and  insufficient  in  other  cases.  In  two  instances 
there  was  practically  no  recovery.  However,  in  these  cases  also  the 
calcium  infusion  evidently  stoH)ed  the  progress  of  the  paralysis,  al- 
though the  infusion  of  the  magnesium  solution  still  continued.  It 
must  be  stated,  further,  that  in  these  cases  the  sciatic  nerve  was  cut, 
and  we  thought  it  possible  that,  on  account  of  the  vaso-dilatation 
hereby  produced  in  the  muscles  of  the  leg,  more  magnesium  accumu- 
lated there  and  the  inhibitory  effect  was  therefore  more  profound ; 
against  this  the  incoming  calcium  was  less  efficient  than  against  the 
inhibitory  effect  upon  the  other  organs  which  harbored  a  smaller 
quantity  of  magnesium. 

It  should  be  remembered,  however,  that  this  unsatisfactory  be- 
havior of  the  motor  apparatus  of  the  leg  applies  only  to  the  artificial 
conditions  as  vre  create  them  by  stimulating  the  motor  nerve. electri- 
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cally.  The  normal  motor  impulses  of  the  leg  show  the  same  prompt 
reversibility  as  the  other  functions.  An  animal  which  was  com- 
pletely paralyzed  by  magnesium,  on  receiving  calcium,  struggles 
with  the  legs  as  readily  and  as  promptly  as  it  breathes  and  winks. 

We  aiq>end  the  following  greatly  abbreviated  protocol  for  the  pur- 
pose of  showing  the  inefficiency  of  calcium  after  the  previous  admin- 
istration of  a  large  dose  of  magnesium. 

Experiment  jt.  —  Gray  rabbit,  1490  gm.  (prepared  as  in  Experiment  8, 
except  that  a  Petzold  induction  coil  was  used).  Sciatic  110: 
moderate  general  effect  (motor,  reflex,  pain). 

10.56,     Began  infusifxi  of  «t/8  MgClj. 

I  i.oi.  21  c.c. ;  respiration  practically  nil ;  started  artificial 
respiraticm. 

ir.07.     38  C.C.  ran  in  (more  than  3  c.c.  a  minute!). 

ii.cS.  Sciatic  110:  no  effect  whatsoever.  (Slight  lid  reflex 
present?!) 

ii.io.    46  C.C.  tn/8  MgClj.    Started  calcium  acetate  m/9. 

ii.ii,    6  cc.  calcium  acetate  in;  no  respiration. 

11.13.  49  c-C'  magnesium  and  19  c.c.  calcium.  No  respiration 
and  sciatic  no  n^ative.    Stopped  magnesium. 

11,15.  30  ^■'^-  calcium  acetate  ran  in.  No  respiration;  heart 
stopped  beating,  no  recovery. 

The  infusion  of  calcium  in  this  case  had  not  the  slightest  effect; 
it  perhaps  even  hastened  the  death  of  the  animal.  Here  46  c.c.  of 
m/8  MgClj  were  infused  before  calcium  was  started.  In  other 
instances  in  which  33  or  35  cc.  of  a  magnesium  solution  ran  in  before 
calcium  was  given,  a  final  recovery  was  obtained,  but  its  onset  was 
late  and  it  progressed  slowly.  TTiis  simply  means  that  not  all  quan- 
tities of  magnesium  and  not  all  stages  of  its  poisonous  effects  can 
be  overcome  by  calcium,  —  a  fact  to  be  expected  a  priori. 

Experiment  to.  —  White  male  rabbit,  2200  gm.  Ether ;  cannulas  into 
both  jugular  veins  and  in  carotid  artery,  the  latter  connected  with 
a  mercury  manometer;  a  saturated  solution  of  sodium  sulphate 
used  as  connecting  fluid;  left  vagus  cut;  Petzold  coil  with  two 
Daniell  cells  used ;  the  left  burette  filled  with  MgCl^  in  wi/2  solu- 
tion and  the  right  burette  with  CaCl^  in  m/8  solution. 

The  blood  pressure  was  about  125  mm.    The  secondary  coil  at 
85  mm.  distance  was  the  minimal  stimulus  for  the  peripheral  end 
of  the  vagus  which  stopped  the  heart  (Fig.  4  a). 
The  infusion  of  m/2  MgClj  began,  and  continued  very  slo*ly. 
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about  I  C.C.  in  e^hty  seconds.  The  blood  pressure  very  soon 
began  to  fall  slightly,  but  continuously.  When  2  c.c,  of  the  m^- 
nesium  solution  was  in,  stimulation  with  85-coil  distance  did  not 
completely  stop  the  heart.  When  a  little  over  25^  c.c.  was  in- 
fused, asphyxia  set  in 
and  artificial  respira- 
tion was  started.  Soon 
after,  when  about  3  c.c. 
of  the  solution  had 
run  in,  85-coil  distance 
caused  only  moderate 
slowing  of  the  heart 
and  slight  fall  of  pres- 
sure. Still  later,  after 
4  c.c,  even  50-coil  dis- 
tance had  no  effect. 
After  6  c.c.  40-coil 
distance  failed  to  stop 
the  heart.  Now,  while 
the  magnesium  solu- 
tion continued  to  run 
in,  the  infusion  of 
m/8  CaOj  began.  The 
blood  pressure,  which 
had  sunk  to  about 
40  mm.,  immediately 
began     to     rise,     and 


_1_ 


Fmuii4ii.  — Five  Hxths  the  original  siie.  Normal 
blood-preuure  tracing  from  the  carotid  artery  of  a 
rabbit  ahowing  minimal  effective  stimulns  for  the 
left  peripheral  Tagua.  Timeinsix^ecotidinlerral*; 
thii  line  also  marlcs  atmospheric  pieiraTe;  the 
lowett  line  ahowa  the  duration  of  itiniaUtioii. 


about  fifty  seconds  later  not  only  a  stimulation  with  the  secondary 
coil  at  40,  but  even  with  a  coil  distance  of  100,  stopped  the  heart 
completely;  and  even  with  a  coil  distance  of  120  mm.  there  was 
a  distinct  effect  upon  the  heart  beat.  The  blood  pressure  rose 
to  about  70  mm.  after  only  i  c.c.  of  the  calcium  solution  (see 
Fig.  4  b). 

In  this  experiment  we  learn,  first,  that  magnesium  salts  in  concen- 
trated solution  reduce  the  cardio-inhibitory  effect  of  the  vagus.  We 
leam  further  that  this  depression  of  the  irritability  of  the  vagus  can 
be  promptly  removed  by  a  relatively  small  dose  of  calcium  and,  what 
is  more,  the  irritability  becomes  stronger  than  it  was  before  the  use 
of  the  magnesium.  Before  the  magnesium  was  started,  the  heart 
was  stepped  by  a  stimulation  of  the  vagus,  when  the  secondary  coil 
was  at  a  distance  of  85  mm.  When  it  was  at  90,  it  had  practically 
no  effect.    After  some  calcium  was  infused,  not  only  at  90  and  at 
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lOO  did  a  stimulation  of  the 
vagus  completely  stop  the 
heart,  but  also  even  at  120- 
coil  distance  the  stimulation 
of  the  peripheral  end  of  the 
vagus  had  a  distinct  cardio- 
inhibitory  effect.  This  means 
that  the  calcium  not  only  re- 
versed the  depressing  effect  of 
the  magnesium,  but  increased 
the  irritability  of  the  vagus 
beyond  its  original  .  normal 
threshold.  Finally,  calcium 
caused  also  an  immediate  rise 
of  the  blood  pressure,  which 
was  greatly  reduced  by  the 
magnesium.  It  should  be  re- 
membered that  all  these  neu- 
tralizing effects  of  the  calcium 
were  brought  out  while  the 
magnesium  was  still  running 
in  at  the  original  rate. 

Discussion. 

The  experiments  communi- 
cated in  this  paper,  which  form 
only  a  small  fraction  of  those 
performed,  established  that  the 
intravenous  infusion  of  vari- 
ous calcium  salts  is  capable 
of  completely  reversing  the 
pronounced  inhibitory  effects 
brought  on  by  the  various 
magnesium  salts.  The  respir- 
atory paralysis,  the  lost  lid  re- 
flex, the  motor  paralysis,  the 
lost  general  reflexes,  the  gen- 
eral anesthesia,  the  loss  of 
consciousness,     the    cardio-in- 
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hibitory  depression,  the  lowering  of  the  blood  pressure,  —  all  are 
reversed  and  restored  in  a  very  short  time  and  by  a  comparatively 
small  quantity  of  a  calcium  salt.  We  do  not  know  of  any  other 
instance  in  biolc^^  of  such  a  striking,  we  may  say  miraculous, 
antagonistic  effect. 

We  shall  not  attempt  to  offer  a  theory  how  this  eflfect  is  accom- 
plished. Any  theory  constructed  from  the  present  facts  would  be 
premature  and  would  soon  have  to  be  reconstructed.  The  various 
hypotheses  which  one  has,  and  has  to  have  as  a  guide  to  direct  the 
further  search  for  facts,  had  better  not  see  the  light  of  day  before 
their  viability  is  well  assured. 

For  the  present  we  are  burdened  only  with  this  one  hypothesis, 
that  magnesium  favors  inhibitory  processes.  All  the  facts  which 
were  brought  out  so  far  sustain  it.  Even  the  fact  brought  out  by 
■  Loeb  that  Polyorchis,  which  is  motionless  in  a  pure  sodium  chloride 
solution,  starts  its  rhythmical  motions  when  a  magnesium  salt  is 
added,  means  also  inhibition  and  not  excitation.  The  rhythmical 
swimming  movements  of  this  medusa  are  absent  in  the  pure  sodium 
chloride  solution  on  account  of  the  tonic  state  of  the  contractile 
tissues,  which  is  manifested,  ciccording  to  Loeb,  in  a  tcmic  contrac- 
tion of  the  mouth  and  tentacles.  These  tonic  contractions  become 
relaxed,  inhibited  by  the  addition  of  magnesium. 

Another  exception  to  the  inhibiti<»i  hypothesis  would  seem  to  offer 
itself  in  a  fact  recorded  in  this  paper,  that  the  cardio-tnhibitory  effect 
of  the  vagus  becomes  greatly  reduced  under  the  influence  of  strong 
concentrations  of  magnesium  salts.  Here  is  an  inhibitory  function 
in  the  body  which  is  not  intensified  by  magnesium,  but  rather  de- 
pressed. The  obstacle,  however,  is  in  no  way  fatal,  and  some  quali- 
fication of  the  hypothesis  could  be  easily  made  which  would  then 
cover  also  this  apparent  exception.  We  prefer,  however,  to  wait  and 
collect  more  facts  before  we  attempt  to  give  a  final  form  (or  even 
then  only  provisionally  final?)  to  this  hypothesis. 

We  wish,  however,  to"  discuss  briefly  the  nature  of  the  action  of 
calcium.  In  our  present  series  of  experiments  calcium  was  anything 
but  inhibitory ;  it  prcMnptly  restored  contractility  and  sensibility. 
Also,  in  Loeb's  experiments  on  Polyorchis,  calcium  antagonizes 
magnesium. 

Furthermore,  as  we  have  already  mentioned,  calcium  restores 
the  irritability  of  muscle  and  nerve  lost  through  the  effects  of 
potassium,  rubidium,  etc.,  and  restores  indirect  irritability  of  the 
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nerve  lost  throu^  the  influence  of  sodium,  potassium,  etc.  In  all 
these  instances  calcium  antagonizes  inhibitory  effects  and  increases 
excitability.  Is  calcium  an  exciting  ^^ent?  We  know,  on  the  other 
hand,  that  calcium  inhibits  the  rhythmic  contractions  of  the  frog 
muscle  brought  on  by  the  salts  of  sodium,  rubidium,  etc..  (Loeb)  ; 
it  inhibits  the  rhythmic  contraction  of  the  centre  of  gonionemus 
caused  by  pure  solutions  of  NaCl  or  NaBr  (Loeb).  It  inhibits  the 
tonic  contractions  of  frog  muscles  brought  on  by  the  sahs  of  potas- 
sium, ammonium,  etc.  (Zoethoiit).  It  apparently  inhibits  intestinal 
peristalsis  (J.  B.  McCallum).  Finally,  the  last  days  brought  us  the 
news  of  a  remarkable  inhibitory  effect  of  calcium  which  might  have 
important  practical  bearings.  G.  W.  McCallum  and  Voegtlin  *■ 
found  that  the  tetany  ft^lowing  the  removal  of  the  epithelial  bodies 
(parathyroids)  in  dogs  can  be  promptly  inhibited  by  the  intravenous 
injection  of  calcium  chloride.  Injections  of  potassium  salts  increase 
the  tetany,  but  a  little  larger  dose  of  calcium  will  again  inhibit  it. 

We  have,  then,  one  series  of  facts  in  which  calcium  undoubtedly 
antagonizes  abnormal  inhibition,  and  another  series  of  facts  in  which 
calcium  antagonizes  abnormal  excitation.  Is  calcium  an  inhibitory 
or  an  exciting  agent?  Clearly  it  is  both  or  neither.  It  seems  to 
us  that,  for  the  present  at  least,  we  do  best  to  stick  to  facts ;  and 
these  are  that  calcium  antagonizes  the  abnormal  activity  of  its  three 
steady  companions  in  the  body,  Mg,  Na,  and  K,  be  this  abnormal 
activity  exaggerated  inhibition  or  exaggerated  excitation, 

"  The  idea  to  which  we  have  given  preference,  namely,  that  the 
substitution  of  Na  or  K  for  Ca,  or  vice  versa,  in  certain  organic  com- 
pounds, gives  rise  to  a  contraction,  may  possibly  have  to  be  modified 
in  detail,  and  undoubtedly  many  new  facts  will  be  required  and 
found  before  we  are  ready  for  a  final  theory;  but  I  am  inclined  to 
believe  that  the  main  structure  will  remain  such  as  intimated  in  my 
papers  in  1899  and  1900;  namely,  that  the  normal  qualities,  espe- 
cially the  normal  irritability,  of  animal  tissues  depend  upon  the  pres- 
ence in  these  tissues  of  Na-,  K-,  Ca-,  and  Mg-ions  in  the  right 
proportion."  '■ 

Before  concluding  we  may  refer  here  to  the  interesting  fact  that 
O.  Loew  discovered  some  years  ago,  that  the.  harmf ulness  of  mag- 
nesium compounds  to  algae  and  other  plants  can  be  neutralized  by  the 

••  McCallum  and  Voegtlin  :  Johns  Hopkins  Bulletin,  1908,  March,  p.  91. 
**  Jaques  Loeb  :  The  dynamics  of  living  maner,  p.  94. 
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addition  of  calcium  compounds.  Furthermore,  Benecke,*^  in  studies 
upon  Spirc^yra,  found  that  potassium  is  also  a  poison  and  that  this 
poisonous  effect  can  be  neutralized  by  calcium.  It  seems,  therefore, 
that  in  animais  as  well  as  in  plants  calcium  neutralises  the  harmful 
effects  of  magnesium  and  perhaps  also  the  poisonous  effects  of  the 
other  salts. 


Conclusions. 

Intravenous  infusion  of  various  calcium  salts  is  capable  of  com- 
pletely reversing  the  pronounced  inhibitory  effects  broug:ht  on  by 
various  magnesium  salts.  The  respiratory  paralysis,  the  lost  lid 
reflex,  the  motor  paralysis,  the  lost  general  reflexes,  the  general 
anesthesia,  the  loss  of  consciousness,  the  depression  of  the  cardio- 
inhibitory  action  of  the  vagus,  the  lowering  of  the  blood  pressure,  — 
all  are  reversed  and  completely  restored  in  a  very  short  time  by  the 
injection  of  a  comparatively  small  quantity  of  a  calcium  salt.  This 
statement  does  not  hold  good  for  conditions  brought  about  by  large 
doses  of  magnesium. 

Calcium  efficiently  ajitagonizes  the  abnormal  activity  of  its  three 
inorganic  associates  in  the  animal  body,  Mg,  K,  and  Na,  be  the 
activity  an  over-inhibition  or  an  over-excitation. 

The  facts,  as  known  at  present,  are  still  in  harmony  with  the 
theory  that  magnesium  favors  essentially  inhibitory  processes  in  the 
animal  body. 

The  antagonism  of  calcium  to  magnesium  is  a  phenomenon  com- 
mon to  animals  and  plants. 

"  W.  Benbcke:  Bericbte  der  deutschen  botantachen  Gesellschaft,  1907,  nw, 
p.  321. 
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A  STUDY  OF  THE  EQUILIBRIUM  BETWEEN  CARBONIC 
ACID,  SODIUM  BICARBONATE,  MONO-SODIUM 
PHOSPHATE,  AND  DI-SODIUM  PHOSPHATE  AT 
BODY    TEMPERATURE. 

By  LAWRENCE  J.  HENDERSON  and  O.  F.  BLACK. 

[From  Ikt  Laboratory  of  Biological  Chtmiitry  of  the  Harvard  Mtdkal  ScAoal.} 

T  N  a  previous  paper  *  we  have  reported  results  of  the  study  of 
■^  the  equilibrium  between  carbonic  acid,  sodium  bicarixmate, 
mono-sodium  phosphate,  and  di-sodium  phosphate  at  room  tem- 
perature, and  have  shown  that  the  nature  of  this  equilibrium,  nec- 
essarily one  of  those  occurring  in  the  typical  cell,  is  such  that 
approximate  neutrality  is  safeguarded  with  great  efficiency  by  the 
presence  of  such  a  group  of  substances. 

The  great  importance  of  neutrality  regulation  in  the  organism, 
a  regulation  imdoubtedly  in  large  part  dependent  on  this  equilib- 
rium,* together  with  the  certainty  that  the  reactions  involved  can- 
not be  uninfluenced  by  the  temperature,  have  now  led  us  to  a  deter- 
mination of  the  corresponding  relatiotiships  at  body  temperature, 
in  which  care  was  taken  to  obtain  results  of  accuracy  more  than 
sufficient  for  the  purposes  of  physiological  discussion.  The  out- 
come of  these  experiments  is  reported  in  the  present  paper.  The 
results  serve  to  characterize  with  great  accuracy  the  equilibrium 
between  free  carbonic  acid  and  the  phosphates  and  carbonates  of 
strong  bases  like  sodium  and  potassium,  at  body  temperature,  Linder 
varying  conditions  of  acidity  and  alkalinity;  they  therefore  consti- 
tute a  secure  basis  for  the  consideration  of  neutrality  equilibrium 
in  the  true  aqueous  solutions  of  the  body,  whether  intra-cellular  or 
extra-cellular. 

Theoretical  Considerations.' 

In  solutions  containing  mono-sodium  phosphate  and  di-sodium 
phosphate,  sodium  bicarbonate,  and  carbonic  acid  the  following  ex- 
'  Henderson  and  Black  :  This  journal,  1907,  xviii,  p.  250. 

*  See  the  following  paper. 

*  For  a  detailed  discussion  see  the  following  paper. 
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pression,  deduced  from  the  concentration  law,  indicates  approxi- 
mately the  relations  between  the  different  substances.  The  ade- 
quacy of  this  ddinition  is  attested  by  the  outcome  of  the  present 
investigation. 

^  NaH,PO«  _  H.CO. 

~    '  ^  NaHCO. ' 


(H)  =  k,X- 


whence  NaH«PO, 

Na^HPO,    _k, 


NaHCO, 


=  =;  =  K. 


In  the  equation  k^,  k^,  and  K  are  all  constants  for  any  particular 
temperature;  at  18°  they  are  approximately  equal  to  2.5  X  10""', 
3.8  X  io~',  and  1.5  respectively. 

The  data  for  the  heats  of  ionization  of  the  two  acid  substances 
together  with  the  known  ionization  constant  of  water  indicate  that 
at  38^ 

K>i.s. 

The  data  reported  in  this  paper  have  yielded  the  following  num- 
bers for  four  different  stages  of  the  equilibrium.* 


Na^HPO, 
H,CO, 


NaHCO,  "■'*"  """  "■"*  ^ 

Frcon  the  above  table  the  following  relationships  are  obtained : 

I  ri  III  IV 

**       F  ^'  ■'■■'  ^'^  ^° 

whence  * 

K„,  =  3-3' 

*  Each  number  is  the  average  obtained  from  three  or  more  determinations,  very 
cloiely  concordant.  The  nnmbers  in  column  IV,  for  technical  reasons,  vary  greatly 
as  the  result  of  very  slight  difTerencea  in  the  analytical  determinations.  Accord- 
ingly they  carry  less  weight  than  the  other  values  of  Ri  and  R^;  none  the  less  is 
their  accord  with  the  theory  a  very  satisfactory  one. 

•  The  value  in  column  IV  is  disregarded  in  calculating  this  average;  see  the 
preceding  note. 
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These  results  are  indicated  upon  the  accompanying:  diagram 
(Fig,  i).  The  close  accord  between  theory  and  experiment  is 
shown  by  the  closeness  of  the  experimentally  determined  points  to 
the  continuous  straight  line,  which  therefore  accurately  defines  the 
equilibrium  in  moderately  dilute  solutions  of  phosphates  and  car- 
bonates at  38°.  For  comparison  the  relationships  at  18°  are  in- 
dicated by  the  broken  line. 


Ri 


"  N»,HP04      ^      N»HCO,' 


This  close  approximation  to  constancy  in  numbers,  which,  being 
based  upon  small  differences  between  experimentally  determined 
quantities,  are  open  to  wide  variations  as  the  result  of  slight  errors, 
is  highly  gratifying.  Moreover  it  presents  a  guarantee  of  the  accu- 
racy of  the  experimental  work,  and  of  the  justice  of  the  approxi- 
mation whereby  the  theoretical  conclusions  are  developed. 

Experimental  Part. 

For  the  investigation  two  solutions  of  carefully  purified  material 
were  prepared,  —  one  containing  sodium  bicarbonate,  the  other  phos- 
phoric acid.  These  solutions  were  carefully  analyzed,  the  bicar- 
bonate solution  by  titration  against  deci-normal  hydrochloric  acid, 
the  phosphoric  acid  solution  by  titration  against  deci-normal  sodium 
hydrate,  and  also  gravimetrically  by  precipitation  with  ammonium 
molybdate.*  The  averages  of  closely  concordant  results  were 
*  Baxter  :  American  chemical  journal,  1901,  xxviii,  p.  39R. 
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NaHCO.  =  0.1154  N. 
H,P04  =  aioss  N. 

These  solutions  were  used  throughout  the  investigation. 

In  every  experiment  mixtures  of  the  two  solutions  were  satur- 
ated with  a  gas  of  known  tension,  consisting  wholly  or  in  part  of 
carbon  dioxide,  in  an  apparatus  of  the  following  construction.  A 
small  separatory  funnel  was  cut  off  just  below  the  stopcock,  and  a 
glass  bulb,  itself  fitted  with  another  stopcock,  was  sealed  on,  thus 
forming  a  double  separatory  fun-  , 

nel  (Fig.  2).    The  volume  within  y 

the  apparatus  between  the  stop-  |  ||ff^ 
cocks  was  accurately  determined 
by  filling  with  distilled  water  at 
18°  and  weighing  the  water. 
The  average  of  closely  agreeing 
determinations  indicated  that  this 
volume  was  30.62  c.c. 

The    experimental     procedure 
was   in    every    determination    as 

follows:    A    mixture    of    sodium       figure   II.  — ^.  Saturation   apparatus. 

bicarbonate  and  phosphoric  acid  ^.  Bulb  for  sampling  ga*  mixiure. 
was  made  by  drawing  the  desired  ^J^f''  ''°"'*  ^^-  "'*"'  "^  '*"" 
quantities  of  the  two   solutions 

from  burettes  into  a  beaker.  Here  they  were  thoroughly  mixed  by 
stirring,  and  then  by  suction  transferred  irjto  the  above-described 
apparatus.  Enough  material  was  used  to  fill  not  only  the  bulb,  but 
also  the  upper  vessel  to  a  depth  of  about  3  cm.  The  apparatus  was 
next  connected  at  its  lower  end  with  a  generator  of  carbonic  acid, 
or  reservoir  of  gas,  through  a  wash  bottle.  This  bottle  contained 
a  solution  of  sodium  chloride  of  approximately  the  same  vapor 
tension  as  the  mixture  to  be  saturated.  Both  wash  bottle  and  satu- 
ration apparatus  were  immersed  in  a  thermostat  which  was  main- 
tained at  37-5°.  A  slow  current  of  carbon  dioxide  or  of  a  mixture 
of  carbon  dioxide  and  air  was  allowed  to  flow  through  wash  bottle 
and  saturation  apparatus  for  one  hour.  The  stopcocks  were  then 
closed,  the  bulb  cooled  to  18°,  with  an  occasional  opening  of  the 
upper  stopcock  to  allow  liquid  to  enter  the  space  caused  by  contrac- 
tion, and  finally  the  upper  bulb  and  the  tube  at  the  lower  end  of  the 
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apparatus  were  washed  out  with  water.  This  gave  a  volume  of 
solution  equal  to  the  capacity  of  the  bulb  at  18°,  which  contained 
all  the  carbonic  acid  dissolved  by  it  during  the  experiment. 

The  next  step  was  to  determine  the  total  carbonic  acid  in  this 
measured  volume  of  liquid.  To  this  end  the  contents  of  the  bulb 
were  allowed  to  flow  into  a  bottle  filled  with  air  free  from  carbon 
dioxide.  Dilute  sulphuric  acid  was  next  run  into  the  bottle,  and  the 
gas  evolved  was  carried  through  a  drying-apparatus  and  thencx 
through  potash  bulbs  by  a  slow  current  of  air  in  the  customary  way. 
The  usual  precautions  to  avoid  entrance  of  carbonic  acid  from  the 
air  were  observed ;  these  precautions  also  prevented  escape  of  car- 
bonic acid  from  the  solution.  Finally,  the  gain  in  weight  of  the 
potash  bulbs  indicated  the  total  carbonic  acid  of  the  solution.  For 
purposes  of  comparison  the  carbonic  acid  absorbed  by  a  solution  of 
potassium  chloride,  approximately  0,05  N,  under  the  conditions  of 
the  experiment,  was  also  determined  (Experiment  A). 

In  the  later  experiments  it  was  necessary  to  saturate  the  solution 
with  a  mixture  of  air  and  carbon  dioxide  in  known  proportions. 
Here  difficulty  was  at  first  experienced,  owing  to  the  solubility  of 
■  carbon  dioxide  in  water.  The  use  of  mercury  with  the  large  vol- 
umes of  gas  required  would  have  been  inconvenient.  Accordingly 
we  prepared  mixtures  of  carbon  dioxide  and  air  in  large  bottles  by 
displacing  known  volumes  of  water  with  air  and  carbon  dioxide  in 
approximately  the  desired  ratio.  This  mixture  was  then  passed 
through  the  absorption  apparatus  as  before,  but  at  the  exit  was 
attached  a  bulb  fitted  with  two  stopcocks.  This  bulb  was  immersed 
in  the  water  of  the  thermostat.  The  volume  of  the  bulb  bang 
known,  it  was  a  simple  matter,  by  analyzing  its  contents  at  the  end 
of  the  experiment,  to  measure  with  considerable  exactness  the  ratio 
of  carbon  dioxide  to  air  in  the  gas  used. 

The  data  of  the  experiments  are  as  follows: 
Experiment  A.  — 

Solution ;  —  0.05  N  KQ 
Average  tension'  COj;  —  76  cm. 
CO,found;—    0.0313         0.0335 
0.0321        0.0319 
Average ao333  gm. 

'  The  average  tension  of  carbon  dioxide  is  found  by  dividing  ihe  average  baro- 
metric pressure  by  the  average  per  cent  by  volume  of  carbon  dioxide  in  the  gas 
used  for  saturation. 
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Experiment  I.  — 

Solution  ■ ;  —  NaHCO,  :  H.PO*  =  2:1 
Average  tension  CO,  j  —  76  cm. 
COjfound;—     0.1133  o>'i37 

0.II3S  0.1132 

0.1 129 
Average 0.1133  gm. 

Experiment  II.  — 

Solution ;  —  NaHCO, :  H.PO.  =  3:1 
Average  tension  COj ;  —  76  cm. 
CO,  found;  — 0.1303  0.1313 

0.1307 
Average 0.1308  gm. 

Experiment  III.  — 

Solution  ;  —  NaHCO,  :  H.PO.  =  a  :  i 
Average  tension  Cd ;  —  20.3  cm. 
COj  found;  — 0.0876  0.0871 

0.0S86 
Average 0.0878  gm. 

Experiment  IV.  — 

Solution ;  —  NaHCO, :  H.PO*  =  a  :  i 

Tension  CO,  CO,  found 

13.2  cm.  0.0799  8™- 

13.0  0.0819 
II. 2  0.0781 

10.1  0.0767 

From  the  data  the   following  average  molal  concentrations  are 
calculated :  * 

•  NaHC0,  =  o.iiS4N. 

H,PO,  =  o.ioss  N. 

*  The  numbers  are  obtained  as  follows:  The  concentration  of  free  carbonic 
acid,  H,CO,,  is  calculated  directly  from  the  tension  of  carbonic  acid,  with  the  aid 
of  the  measurements  of  solubility  of  carbonic  acid  (Experiment  A).  The  differ- 
ence between  total  carbonic  acid  and  free  carbonic  acid  yields  the  value  for  con- 
centration of  sodium  bicarbonate,  NaHCO,.  The  difference  between  the  total 
amount  of  sodium  bicarbonate  introduced  into  the  solution  at  the  beginning  of  the 
experiment  and  the  calculated  concentration  of  bicarbonate  gives  the  amount  of 
sodium  combined  with  phosphoric  acid,  which  readily  yields  the  concentrations  of 
mono-sodium  phosphate  and  di-sodium  phosphate,  NaH,P04,  and  Na^HPO,,  in 
the  table. 
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I  II  III  IV 

NaHtPOt  0.0066  0.0046  a.0037  0.0019 

NaiHP04  0.0051  0.004a  0.0080  0.0098 

H,CO,  0.0339  0.0340  0.0080  0.0037 

NaHCOi  0.0603  0.0733  0.0573  0.0564 

In  Experiments  I,  II,  and  III  the  condittpns  were  satisfactory, 
and  the  calculated  values  of  R^  and  R^,  as  indicated  above,  accu- 
rate. In  Experiment  IV  the  conditions  were  somewhat  unsatis- 
factory, in  that  very  small  errors  in  the  determinations  of  carbonic 
acid  suffice  greatly  to  affect  the  ratios  between  the  several  concen- 
trations. An  examination  of  the  above  table  makes  this  clear,  and 
justifies  the  neglect  of  Experiment  IV  in  taking;  the  average  values. 

It  is  a  pleasure  to  record  our  indebtedness  to  the  Proctor  Fund 
for  aid  in  this  investigation. 

SUMUAKY. 

A  simple  method  is  described  for  saturating  solutions,  at  constant 
temperature,  with  carbon  didxide  of  known  tension. 

Experimental  data  are  reported  concerning  the  constitution,  at 
body  temperature,  of  aqueous  solutions  in  which  are  present  car- 
bonic acid,  sodium  bicarbonate,  mono-sodium  phosphate,  and  di- 
sodium  phosphate. 

It  is  shown  that  in  such  solutions  the  equilibrium  may  be  defined 
by  the  proportion : 

aH.PO.      H.CO. 

-  =  3-3  :  >-o 

This  relationship  corresponds  to  the  requirements  of  the  concen- 
tration law. 

It  is  pointed  out  that  these  facts  serve  to  define  very  accurately 
the  most  important  equilibria  of  neutrality  regulation  in  the  aqueous 
solutions  of  the  body. 
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THE   THEORY   OF    NEUTRALITY    REGULATION 
IN    THE   ANIMAL   ORGANISM. 

By  LAWRENCE  J.  HENDERSON. 
[Frfm  tKt  Laitratory  af  Biolttital  Chtmiitry  f/  tht  Harvard  Medital  ScAnol.l 

WITH  the  results  reported  in  the  preceding  paper,  the  work 
which  has  been  carried  on  in  this  laboratory  concerning'  equi- 
libria of  neutrality '  during  the  last  three  years  has  progressed  far 
enough  to  make  possible  a  general  discussion  of  the  equilibria  be- 
tween phosphates  and  carbonates  in  the  body  of  the  warm-blooded 
animal.    Such  is  the  purpose  of  the  present  paper. 

The  Simple  Equilibrium. 

In  the  ionization  reaction  of  a  weak  acid,  HA  =  H  +  A,  the 
conditicMis  of  equilibrium  are  defined  by  the  equation  of  the  con- 
centration law, 

k  ■  (HA)  =  (H)  ■  (A), 

in  which  the  enclosed  quantities  stand  for  concentrations,  and  k  is 
the  ionization  constant  of  the  acid.  This  equation  may  more  con- 
veniently be  written  as  follows : 

(A) 

If  an  aqueous  solution  of  such  an  acid  and  its  sodium  salt  be  pre- 
pared, it  is  evident  that  here  the  concentration  of  the  undissociated 
molecules  of  the  acid  (HA)  will  be  almost  precisely  equal  to  the 
total  amount  of  acid  present,  for  such  an  acid  under  these  conditions 
will  be  hardly  at  all  ionized.    On  the  other  hand,  the  concentration 

'  Henderson:  This  jouroal,  1906,  xv,  p.  257;  190S,  xxi,  p'  169;  1908,  xxi,  p. 

173.    Henderson  and  Black  :  This  journal,  1907,  xviii,  p.  250 ;  1908,  xxi,  p.  420. 

FiTz.  AL.SBBRG,  and  Henderson:  This  iournal,  1907,  xviii,  p.  250.    Henderson 

and  Webster.  :  The  journal  of  medical  research,  1907,  xvi,  p.  1. 
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of  the  ion,  (A),  will  be  equal  to  the  concentration  of  the  salt  multi- 
plied by  its  degree  of  ionization.  This  last  quantity  varies  with  the 
nature  of  the  acid  and  with  the  concentration ;  it  is  also  affected  by  ■ 
the  presence  of  other  salts  in  solution.  For  present  purposes,  how- 
ever, it  may  be  estimated  as  0.8  without  seriously  impairing  the  con- 
clusions. This  estimate  can  hardly  be  more  than  10  per  cent  to 
15  per  cent  in  error  in  any  of  the  solutions  here  discussed. 

We  may  then  write,  as  an  approximation  sufficiently  accurate  for 
our  present  purposes,  the  equation 

ttat  is  to  say,  in  the  solution  of  a  weak  acid  and  its  sodium  salt,  the 
concentration  of  hydrogen  ions  is  equal  to  the  ionization  constant  of 
the  acid  divided  by  0.8,  approximately  the  degree  of  ionization  of 
the  salt,  and  multiplied  by  the  ratio  between  the  total  amounts  of 
acid  and  salt  present  in  the  solution. 

This  equation  may  be  used  in  analyzing  the  nature  of  the  equi- 
librium between  carbonic  acid  and  sodium  bicarbonate,  and  also 
for  the  equilibrium  between  mono-  and  di-sodium  phosphates. 

The  ionization  constant  of  carbonic  acid,  as  determined  by 
Walker''  at  18°,  is  3.04  X  lO"-'.  For  the  ion  H^0«  at  18°  the 
ionization  constant  has  been  determined  by  Abbott  ^  to  be  2,01  X 
io~'.    Accordingly  we  may  write  the  equations 


_3.ox  10-'       H,CO. 
0.8  NaHCO, 

_  ».o  X  10-*      NaH.PO.. 
~        0.8        ^  Na,HPO,' 
„  ..      _,  .,    H.CO, 


,..,_j '^  NaHCO. 

As  has  been  shown  elsewhere  independently  by  Washburn  *  and 
myself,'^  that  combination  of  acid  and  salt  in  which  the  ionization 
constant  of  the  acid,  divided  by  the  degree  of  ionization  of  the  salt, 

*  See  McCoy  :  American  chemical  journal,  xxix,  p.  437. 
■  Verbal  communication  of  Professor  A.  A.  Noves. 

*  Washburn:  Journal  of  the  American  Chemical  Society,  1908,  xxk,  p.  31. 

*  Hendeksom:  This  journal,  190S,  xxi,  p.  173. 
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is  equal  to  the  square  root  of  the  water  constant,  or  0.8  X  lo""'  at 
18°,  is  most  efficient  to  preserve  neutrality  in  simple  aqueous  solu- 
tion. Therefore  in  simple  solution  the  two  pairs  of  substances  above 
considered  approach  closely  to  the  hi^est  efficiency  in  preserving 
neutrality;  in  the  body,  as  we  shall  see,  this  efficiency  is  greatly 
increased. 

Witli  the  aid  of  the  principle  of  isohydric  solutions,  which  states 
that  when  two  solutions  possess  a  common  ion  in  the  same  concen- 
tration, mixing  the  solutions  cannot  change  the  concentration  of  the 
common  ion,  it  is  possible  to  calculate  the  equilibrium  at  18°  between 
the  four  substances  carbonic  acid,  sodium  bicarbonate,  mono-sodium 
phosphate,  and  di-sodium  phosphate.  Thus,  at  a  hydrogen  ioniza- 
tion of  I  X  lo~',  we  may  write  the  equations 

H,CO,  „  _,      NaH.PO.  ,  _, 

NrHco;  '^  ^-^  ^  '^  =  nSjJpo:  ^  '-5  ^  "  =  '-^  ^  "" '. 

H,CO,  I  .     NaH.PO*        i 

That,  is  tp_say,  a  solution  possessing  the  hydrogen  ion  concen- 
tration I  X  io~',  which  contains  the  above  four  substances,  must 
contain  3.8  times  as  much  sodium  bicarbonate  as  carbonic  acid, 
and  2.5  times  as  much  di-sodium  phosphate  as  mono-sodium  phos- 
phate. Obviously  the  concentrations  of  these  two  pairs  of  substances 
may  vary  greatly,  provided  the  two  ratios  do  not  vary,  without  mate- 
rially affecting  the  hydrogen  ionization.  The  latter  quantity  will  be 
affected  in  such  a  case  only  by  variation  in  the  degree  of  ionization 
of  the  salt.  By  similar  calculations  the  equilibria  for  other  degrees 
of  hydrogen  ionization  may  be  calculated.  The  results  of  these 
calculations  are  confirmed  with  a  sufficient  degree  of  accuracy  by  the 
analyses  of  such  solutions,  as  carried  out  by  Black  and  myself.' 
These  results,  theoretical  and  experimental,  are  shown  upon  the 
accompanying  diagram  (Fig.  i).  The  diagram  represents  the  con- 
ditions of  equilibrium  in  a  system  of  constant  free  carbonic  acid 
concentration,  this  concentration  being  proportional  to  one-half  large 
division  of  the  scale,  in  which  the  amount  of  phosphoric  acid  in 
the  two  forms,  NaHaPO^  and  Na^HPO^,  is  constant.  Thus  it 
corresponds  roughly  to  the  conditions  in  the  body ;  for  here,  ex- 
cept by  diffusion  of  monophosphate,  the  total  amount  of  phosphoric 

*  This  journal,  1907,  zviii,  p.  250. 
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acid  will  hardly  vary,  and  there  is  an  almost  unlimited  supply 
of  carbonic  acid  at  a  tension  which  is  known  to  vary  not  very 
widely  about  an  average  value.  Concentrations  of  sodium  bicar- 
bonate, expressed  in  terms  of  the  concentration  of  free  carbonic 


■«— (H1  =  1.9X  10-' 


-(H)  =  0.6X  10-1 


«-(H)=a4X  10-' 


-(H)=0.2X  10-' 


zo       40       GO       ao 


Figure  1.  — TheequilibriuinM18=(H)  X{OH)  =  06+X  10-».  The  carve  indicaUa  the 
calculated  relationship*.  Experimentally  determined  points  are  indicated  thai  Q. 
The  ordinatcB  represent  lL^"~^^ ;  the  absdase  show  the  per  cent  of  pbosphAte  as 
NajHPO,. 

acid,  are  plotted  from  above  downward,  concentrations  of  di- 
sodium  phosphate,  expressed  in  per  cent  of  total  phosphate,  from 
left  to  right,  and  concentrations  of  mono-sodium  phosphate,  which 
varies  inversely  with  di-sodium  phosphate  concentrations,  are  there- 
fore indicated  from  right  to  left.  Variations  in  these  quantities 
are  dependent  iJpon  the  amount  of  sodium  at  the  disposal  of  phos- 
phoric and  carbonic  acids,  and  this  amount  may  be  varied  by  the 
addition  of  any  alkaline  substance,  thus  increasing  it,  or  by  the 
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addition  of  any  acid  substance,  thus  diminishing  it,  and  thereby  pro- 
ducing changes  in  equilibrium  which  are  defined  by  the  curve, — 
movement  from  above  downward  on  the  curve  corresponding  to  in- 
creasing alkalinity,  while  movement  in  the  opposite  direction  corre- 
sponds to  increasing  acidity.  The  hydrc^en  ion  concentration  at 
several  points  on  the  curve  is  also  indicated.  From  a  consideration 
of  the  diagram  it  is  clear  that  with  constant  carbonic  acid  tension, 
corresponding  to  constant  concentration  of  carbonic  acid,  according 
to  the  law  qf  Henry,  and  thus  roughly  simulating  conditions  in  the 
organism,  there  must  be,  at  a  hydrogen  ionization  0.3  X  io~'',  which 
is  nearly  the  hydrogen  ionization  of  blood  at  room  temperature,  such 
a  condition  that  very  slight  variations  in  hydrogen  ionization  must 
cause  very  great  variations  in  sodium  bicarbonate  content,  influen- 
cing at  this  point  the  ratio  between  mono-  and  di-sodium  phosphate 
to  a  less  degree.  The  result  of  that  is  evident ;  if  to  such  a  system, 
natural  or  artificial,  either  acid  or  alkali  be  added,  an  amount  nearly 
commensurate  with  the  sodium  bicarbonate  concentration  must  be 
employed  materially  to  influence  the  hydrogen  ionization.  For  in- 
stance, if  a  solution  decimolal  (that  is  to  say,  containing  one  tenth 
of  a  gram-molecule  per  litre)  in  respect  to  total  carbonic  acid  and  to 
total  phosphoric  acid  possesses  a  hydrogen  ionization  of  0,5  X  io~', 
approximately  the  conditions  hold  that 

H,CO,  „  ,      NaHjPOi 


H,CO. 


and 


NaHCO,      7.6  Na,HP04      5" 

Thus  the  concentration  of  HjCOg  must  be  about  0.012  molal,  of 
NaHCOg  about  0.088  molal,  of  NaHaPO^  about  0.017  molal.  and 
of  NaiHPOi  about  0.083  molal. 

Let  us  investigate  the  conditions  which  it  is  necessary  to  fulfil  in 
order  to  produce,  frmn  the  above  system,  a  hydrogen  ionization  of 
1  X  io~^  N  and  a  hydrogen  ionization  of  0.2  X  io~'  N,  keeping 
the  concentration  of  free  carbonic  acid  constant.'^ 

In  the  first  instance  we  have  the  equations 

H,CO,   _  _i_  NaH«PO.  _  ji_ 

NaHCO,  ~  3.8  Na,HPO,  ~  2.$' 

e  probably  not  far  from  the  limits  of  variation  in  the  body 
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Here  the  concentration  of  sodium  bicarbonate  will  be  about  0.046 
molal,  and  that  of  di-sodium  phosphate  about  0.072  molal.  There 
must  then  have  been  added 

(0.082  —  0-046)  +  (0.083  —  0.07a)  =  0.047 

gram-molecuie  of  acid  per  litre,  or  about  6ne  half  as  much  acid  as 
there  was  present  sodium  bicarbonate. 

In  the  second  instance  the  relationship  is  thus  expressed : 

NaH,PO. 


NaHCO,      19  N%HPO,  ~  13.5* 

Here  the  concentration  of  sodium  bicarbonate  becomes  about  0.228 
molal,  and  that  of  di-sodium  phosphate  about  0.093  molal.  Thus 
there  must  have  been  added  (0.228  —  0.088)  +  (0.093  —  0.083)  — 
0.150  gram-molecuie  of  alkali  per  litre,  or  about  twice  as  much 
alkali  as  there  were  present  sodium  bicarbonate  molecules.  Thus  is 
explained,  with  considerable  precision,  the  enormous  capacity  of 
blood  and  protoplasm  to  preserve  their  neutrality. 

By  reference  to  the  above  curve  it  is  evident  that  in  blood  and 
protoplasm  the  concentration  of  bicarbonates  must  be  from  ten  to 
twenty  times  as  great  as  the  concentration  of  carbonic  acid,  for  these 
are  the  relationships  at  hydrogen  ion  concentrations  corresponding 
to  those  found  in  normal  blood.  Thus,  inasmuch  as  the  free  carbonic 
acid  of  blood,  as  calculated  from  tension  and  absorption  coefficient,* 
is  known  to  be  about  pne  fifteenth  of  its  total  carbonic  acid,  on  the 
average,  it  is  evident  that  we  have  gained  a  strict  proof  that  carbonic 
acid  is  present  in  blood  plasma  very  largely,  if  not  almost  exclu- 
sively, as  carbonic  acid,  sodium  bicarbonate,  and  particularly  the 
ion  HCO3.  These  relationships  also  serve  as  a  further  support  of 
the  theoretical  considerations. 

In  the  system  defined  by  the  above  curve  exact  neutrality  is  only 
attained  when  the  concentration  of  bicarbonate  has  fallen  nearly  to 
the  concentration  of  carbonic  acid.  This  offers  a  striking  explana- 
tion of  some  of  the  phenomena  of  acidosis.  Certainly  it  is  not  a 
strain  upon  one's  conceptions  of  the  nature  of  the  metabolic  processes 
to  assert  that  a  very  great  diminution  in  the  carbonic  acid  content 
of  blood  cannot  occur  without  gravely  compromising  these  pro- 
cesses, in  that  removal  of  carbonic  acid  from  the  body  must  thus  be 

■  Bohr,  in  NApEL,  Handbuch  der  Physiologic,  i,  er»te  HalEte,  p.  to?. 
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greatly  restricted,  and  it  is  fair  to  assume  that  too  great  diminution 
in  the  carbonic  acid  content  of  the  blood  must  cause  death  from 
retention  of  carbonic  acid.  If,  then,  even  exact  neutrality  of  blood 
and  protoplasm  •be  impossible  without  the  removal  from  blood  of 
much  more  than  half  of  its  carbonic  acid,  it  is  reasonable  to  say  that 
acidity,  even  in  the  slightest  significant  degree,  of  blood  and  proto- 
plasm generally,  is  impossible  during  life.  Local  happenings  are 
not  here  considered.  On  the  other  hand,  with  a  constant  source  of 
carbonic  acid  which  must  inevitably  convert  into  bicarbonates  any 
bases  which  may  be  formed  or  introduced  into  blood  and  protoplasm, 
it  is  clear  that  increase  in  alkalinity  must  be  slow,  and  material  in- 
crease impossible.  Thus  to  halve  the  hydrogen  ion  concentration, 
that  is  to  say,  to  double  the  alkalinity,  carbonic  acid  content  remain- 
ing constant,*  the  amount  of  bicarbonate  present,  already  very  con- 
siderable as  the  curve  indicates,  must  be  doubled ;  further  increase 
in  bicarbonate  concentration  could  hardly  go  on,  if  for  no  other 
reason,  because  it  would  soon  result  in  an  abnormally  high  osmotic 
pressure,  and  diffusion,  aided  by  renal  activity,  would  ultimately 
check  the  very. slowly  growing  alkalinity.  Indeed,  a  solution  made 
by  passing  carbonic  acid,  of  tension  approximately  equal  to  that  in 
the  blood,  through  a  solution  of  sodium  hydrate,  such  that  the  result- 
ing system  should  possess  a  molecular  concentration  equal  to  that 
of  blood,  would  possess  the  very  sli^t  alkalinity  16  X  io~*  hy- 
droxy! ion  concentration  at  room  temperature. 

The  analysis  of  this  simple  equilibrium,  then,  clearly  shows  that, 
under  conditions  which  we  believe  to  be  essential  to  the  life  of  higher 
organisms,  sensible  degrees  of  acidity  and  of  alkalinity,  as  meas- 
..  ured  at  room  temperature,  are  absolutely  impossible  during  life  in 
the  body  as  a  whole.  It  cannot  be  too  strongly  emphasized  that  the 
inevitable  slight  inaccuracies  of  calculation  and  determination  of 
the  equilibria  here  involved  are  as  nothing  compared  with  the  differ- 
ence between  the  enormous  variations  in  amounts  of  base  and  acid, 
and  the  almost  infinitesimal  variations  in  hydrogen  and  hydroxyl 
ionization  in  such  systems  as  those  here  considered.  A  further  anal- 
ysis of  conditions  may  be  cited  to  justify  this  conclusion.     In  the 

»  Throughout  this  paper  it  is  assumed,  for  the  sake  of  simplicity,  that  the  coq- 
centration  of  dissolved  carbonic  acid  in  the  body  fluids  remains  constant.  Actually 
that  concentration  does  vary  considerably,  locally  perhaps  greatly,  but  always  little 
compared  with  concentration  of  sodium  bicarbonate.  For  that  reason  the  assump- 
tion is  allowable. 
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system  above  considered  at  a  hydrogen  ionization  of  2  X  io~''  there 
are  present  approximately  0.16  mole  of  acid  per  litre  and  ap- 
proximately 0.19  mole  of  base,  and  at  a  hydrogen  ionization  of 
0.5  X  io~^  aH)roximately  0.20  mole  of  acid  and  0157  of  base.  Thus 
in  such  a  system,  supplied  with  carbonic  acid  at  constant  tension,  in 
order  to  change  the  acidity  from  that  of  a  solution  of  hydrochloric 
acid  of  concentration  0.0000002  N  to  the  alkalinity  of  a  solution  of 
sodium  hydrate  0.0000002  N,  it  is  necessary  to  add  a  decinormal  solu- 
tion of  sodium  hydrate  nearly  equal  to  the  volume  of  the  system. 
Clearly  errors  of  even  100  per  cent  in  the  numbers  in  no  way  influ- 
ence the  justice  of  the  conclusions. 

If,  in  developing  these  considerations,  weight  has  been  laid  chiefly 
upon  the  carbonates,  thatj£_not  to  say  that  they  play  a  greattr  role 
than  the  phosphates  in  the  matter.  Salts  of  phosphoric  acid  are  com- 
monly the  chief  saline  constituents  of  the  cell,  and  the  analysis  of  the 
transverse  component  of  the  above  curve  indicates  that  within  the 
ranges  of  hydrogen  ionization  encountered  in  the  body,  particularly 
as  neutrality  is  more  closely  approached,  they  also  operate  largely  in 
neutralizing  acid  or  alkali.  Thus,  a  system  possessing  a  hydrogen 
ionization  of  0.5  X  io~'',  and  decinormal  with  respect  to  total  phos- 
phoric acid  and  to  total  carbonic  acid,  must  contain  about  85.5 
per  cent  of  its  phosphoric  acid  as  di-phosphate,  and  about  89.5  per 
cent  of  its  carbonic  acid  as  bicarbonate.  In  this  system,  keeping  the 
itree  carbonic  acid  constant,  the  addition  of  acid  will  produce  a  solu- 
tion of  hydrogen  ionization  r  X  io~^  per  litre  of  solution  when  di- 
sodium  phosphate  has  neutralized  con  mole  of  a  mono-basic  acid, 
and  sodium  bicarbonate  0.047  niole.  In  passing  from  this  condi- 
tion to  a  hydrogen  ionization  of  2  X  io~'',  di-sodium  phosphate 
must  neutralize  per  litre  0,015  mo'*  of  acid,  and  sodium  bicarbonate 
0.023  mole  of  acid,  while  in  passing  from  this  ionization  to  4  ■  X 
lO"'  hydrogen  ion  concentration,  the  phosphate  must  neutralize 
0.017  nio'c  of  acid  and  the  carbonate  only  0.009  mole-  Moreover, 
in  protoplasm  the  concentration  of  phosphates,  on  the  average,  is 
probably  at  least  twice  as  great  as  that  of  carbonates,  and  thereby 
their  effectiveness  is  proporticmally  increased.  In  addition  to  these 
considerations,  the  great  diffusibility  of  acid  phosphates,  as  shown 
by  Maly,^*  in  conjunction  with  the  fact  that  acid  has  constantly  to 
be  removed  from  the  body,  seems  to  be  a  matter  of  great  importance 
in  neutrality  regulation.     In  this  connection  it  has  been  shown  by 

'•  Maly  :  Bericbte  der  deutschen  chemischen  Gesellschaft,  1876,  ix,  p.  164. 
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Fitz,  Alsberg,  and  Henderson,"  that  in  rabbits  the  feeding  of  hy- 
drochloric acid  daily  during  a  long  period  produces  first  a  marked 
increase  in  the  excretion  of  phosphoric  acid  by  the  kidney;  this  is 
then  followed  l^  a  decrease  in  the  excretion  and  by  death.  These 
experiments  support  the  idea  that  acid  introduced  into  the  body,  after 
being  neutralized  in  part  by  di-phosphates,  depends  upon  mono- 
phosphates as  a  principal  vehicle  for  its  removal.  Such  considera- 
tions as  those  above  regarding  heterogeneous  equilibria  are  dis- 
cussed below  in  full. 

The  relationships  above  developed  are  the  underlying  ones  in 
the  neutrality  regulation  within  the  aqueous  solutions  of  the  body, 
for  no  other  substances  which  possess  nearly  the  same  power  of  pre- 
serving neutrality  are  there  present  in  important  amounts.  There 
are,  however,  in  the  body  certain  factors  which  modify  these  fun- 
damental considerations. 

The  Influence  of  Temperature  on  the  Equilibrium, 

In  one  important  respect  the  physical  conditions  in  the  body 
differ  from  those  above  considered ;  the  temperature  at  which  the 
equilibrium  is  adjusted  is  not  18°,  but  38°. 

Theoretically  it  is  possible  to  calculate  the  change  in  the  equilib- 
rium produced  by  changing  temperature  according  to  the  well- 
known  equation, 

q  X  (Ti  -  Tt) 


iog  ky,  —  log  ItT,  =.— 


4-5«4T,T, 


where  k  stands  for  the  ionization  constant,  T,  for  the  lower  tem- 
perature, T2  for  the  higher  temperature,  and  q  for  the  heat  of  ion- 
ization in  gram  calories,  4.584  being  the  gas  constant  R,  expressed 
in  gram  calories,  divided  by  the  factor  to  convert  natural  logarithms 
into  common  logarithms. 
In  this  case 

T,  =  38"'-»-273°  =  3ii<' 
T,  =  18"  -I-  373"  =  agi* 
For  carbonic  acid  feig"  is  3.04  X  10^^  and  q,  according  to  Thomsen, 
—2750  cal.,  and  for  the  ion  H2PO4  k^g    is  2.01  X  io~'  and  q  is 
—1500." 
"  Frrz,  Alsberg,  and  Henderson:  This  journal,  [907,  xviii,  p.  113. 
>'  7  may  be  calculated  as  follows  from  Thomsen's  well-known  data: 
Na  +  OH  +  HjCO,  =  N a  +  HCO,  +  H,0  +  1 1000  cal. 
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Thus  we  obtain  the  equations  for  carbonic  add, 

'°"^= -' -^  "■■"■  + 4.584 "....x  3..' 
and  for  the  ion  H2P04, 

tog  k, = -  7 + 0.3O, + ^33;y,,Vx%..' 

or  for  carbonic  acid, 

k^  =  4,3  X  10"', 
and  for  the  ion  HaPO^, 

kB'  =  3.4  X  lo-f. 

That^  is  to  say,  both  acids  have  increased  in  strength,  carbonic 
acid  more  than  mono-sodium  phosphate,  as  a  result  of  rise  in 
temperature. 

Unfortunately  these  calculations  can  hardly  be  of  much  value, 
save  to  indicate  the  general  nature  of  the  changes  in  ionization 
constants  as  the  temperature  rises  from  18"  to  38°,  for  they  are 
based  upon  differences  between  heats  of  reaction  whose  magnitude 
is  not  a  little  in  doubt.  Accordingly  the  magnitudes  of  the  differ- 
ences are  very  greatly  in  doubt. 

It  is  possible,  however,  to  determine  at  least  the  ratio  between 
the  two  constants  at  38°  without  difficulty,  with  the  aid  of  the  data 
presented  in  the  preceding  paper,"  The  following  numbers  are 
taken  from  that  source: 

I  II  III 

H,CO, 

0.40  0.33  0.14 

1.29  1.09  0.46 


NaHCO, 


Na,HPO, 

f.V-Wo.^    H.CO.    _kHp^      NaH,PO.. 
^^~    0.8        NaHCO,"    o.g        Na,HPO,' 


"  {conHnued). 

Na  +  OH  +  H  +  CI  ^  Na  +  Ci   +  H.O  +  13750  cal. 

By  subtraction  HjCO,  =  H  +  HC6,  -  2750  cal. 

Na  +  OH  +  hIpO,  =  tSa+  HPO,  +  H,0  +  12250  cal. 

Na  +  OH  +  H  +  Ci  =  Na  +  Ci  +  HjO  +  13750  cal. 

By  subtraction  HaPO^  =  H  +  HPO,  -  1500  cal. 

"  Hendersok  and  Black:  This  journal,  1908,  xii,  p.  420. 
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kH^^  _  Na.HP04 

kH^o.  ~    H«CO,    ■ 

NaHCO, 

From  this  relationship  and  the  numbers  in  the  above  table  the 
following  values  for  the  ratio,  R,  between  the  ionization  constants 
at  38°  of  carbonic  acid  and  of  the  ion  HsPO*  are  calculated. 


ni    3-3 
Average    3.3. 

Tliis  result  is  probably  very  much  more  accurate  than  the  values 
for  the  constants  which  were  obtained  above  by  calculation,  with 
the  aid  of  the  thermo-chemical  data  concerning"  phosphoric  acid 
and  carbonic  acid.  Using  the  average  number  3.3  for  the  ratio, 
the  accompanying  diagram  is  constructed,  after  the  fashion  of 
Fig.  r ;  on  this  diagram  the  equilibrium  in  solution  at  38°  between 
the  four  substances  under  consideration  is  represented  (Fig.  2). 

The  hydrogen  ionization  in  this  system  has  not  been  determined ; 
it  must,  however,  be  very  near  the  hydrogen  ionization  in  the  system 
at  18°,  and  its  values  may  be  estimated,  as  a  first  approximation, 
according  to  the  calculation  with  the  aid  of  the  heat  of  ionization 
of  carbonic  acid  which  is  above  carried  out.  The  values  thus  cal- 
ailated  for  hydrogen  ion  concentrations  are  indicated  upon  the 
diagram.  The  curve  shows  with  great  precision  the  relationships 
between  carbonates  and  phosphates  which  obtain  in  true  aqueous 
solutions,  whether  intra-cellular  or  extra-cellular,  in  the  body.  Thus 
it  constitutes  a  precise  definition  of  one  of  the  fundamental  equi- 
libria within  the  typical  cell.  An  analysis  shows  that  for  any  given 
ratio  of  carbonic  acid  to  sodium  bicarbonate  the  per  cent  of  phos- 
phoric acid  as  di-sodium  phosphate  is  somewhat  diminished,  on  the 
average  about  12  per  cent,  as  compared  with  the  equilibrium  at  18°. 
Coincidently  the  hydrogen  ion  concentration  is  slightly  increased; 
otherwise  the  quantitative  relationships  are  almost  identical  with 
those  discussed  for  the  equilibrium  at  18°,  and  accordingly  further 
consideration  of  the  case  is  superfluous,  save  in  one  important  re- 
spect, the  concentration  of  hydroxy!  ions. 
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It  has  long  been  known  that  the  heat  of  ionization  of  water  is 
very  great,  and  accordingly  that  the  i<Hiization  constant  of  water 

Ch,o  =  (H)  X  (OH)  varies  greatly  with  the  temperature.    This 
variation  may  be  calculated  from  conductivity  measurements  of 


~(H)  =  0.9X  10-' 


«-(H)  =  03  X  10-' 

ta       «       eo       ao        00 

Figure  2— The  equilibriuin  »t  38°  (H|  X  (OH)  =  2.9  X  lO"".  The  carve  indicates 
the  calculated  reUlionships  (from  the  average  of  the  experimenlal  values),  Pomls 
eiperimenuUf  determined  are  indicated  thu* :  [3.  The  abscissx  represent  -  ^  ~^— * ; 
the  ordinates  ihow  the  per  cent  of  phosphate  as  NasHPOf. 

Kohlrausch  and- Heydweiller,^*  and  from  their  determinations  the 
following  numbers,  important  in  this  discussion,  are  taken  directly 
or  by  interpolation." 

T  Ch,o 

18°  0.64  X  io-'< 

38°  2.90  X   10-" 

42°  3.76  X  I0-" 

'*  Kohlrausch  and  Hevdweili.kr  :  Wiedemann's  Annalen,  1894,  liii,  p.  209- 

"  If  the  value  of  the  constant  at  18°  in  the  table  is  assumed  <o  be  accurate,  it 

is  possible  to  calculate  the  value  of  the  constant  at  38°,  as  above  in  the  case  of 

carbonic  add  and  of  the  ion  HTPO^.     The  result  of  this  calculation  is  3.3  x  lo"'*. 
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A  solution  of  carbonic  acid  and  sodium  bicarbonate  which  at  18° 
possesses  a  hydrogen  ionization  of  0.30  X  io~''  would  have,  ac- 
cording to  Thransen's  data  for  the  heat  of  ionization  of  carbonic 
acid,  at  38°  a  hydrogen  ionization  of  0.4.0  X  t-0~'',  and  at  42°  a 
hydrogen  ionization  of  0,42  X  io~^.  The  hydroxyl  ionization  may 
be  calculated  as  follows  for  such  a  solution : 


(OH)  =  ^:^ 

^       '      (H) 


(0H)„=  = 
(OH)4^  = 


0.30  X  I 
a.90  X  1 


0.40  X  I 
3-76  X  ■ 


=  9.0  X  10  ' 


This  calculation  indicates  that  at  38°  any  moderately  dilute  solu- 
tion of  carbonic  acid  and  sodium  bicarbonate  has  an  alkalinity 
about  3.4  times  as  great  as  at  18°,  and  at  42°  a  hydroxyl  ionization 
about  4.3  as  great  as  at  18°.  When  the  temperature  rises  from 
38°  to  42°,  its  increase  in  alkalinity  is  about  one  fourth.  These 
relatively  large  and  important  changes  in  hydroxyl  ion  concentra- 
tion are  due  to  the  fact  that  the  ionization  constant  of  water  in- 
creases with  rising  temperature  much  more  rapidly  than  does  the 
ionization  constant  of  carbonic  acid. 

Every  solution  containing  sodium  bicarbonate  and  carbonic  acid 
must,  according  to  these  conclusions,  become  more  alkaline  as  the 
temperature  rises,  because  its  hydrogen  ionization  is  kept  nearly 
constant,  unless  by  reaction  with  other  substances  present  in  the 
solution  the  sodium  bicarbonate  content  diminishes.  Such  a  solu- 
tion, possessing  at  18°  a  hydrogen  ionization  0.3  X  io~~',  contains 
thirteen  times  as  much  sodium  bicarbonate  as  carbonic  acid.  To 
preserve  its  alkalinity  constant,  it  must  at  38°  contain  only  about 
3.5  times  as  much  sodium  bicarbonate  as  free  carbonic  acid.  Ac- 
cordingly, if  the  carbonic  acid  concentration  does  not  vary,  nearly 
three  fourths  of  the  sodium  bicarbonate  must  have  reacted  with  an 
acid  to  form  the  sodium  salt  of  the  acid,  and  carbonic  acid,  which 
has  escaped. 

It  is  safe  to  conclude  from  this  consideration  that  solutions  con- 
taining considerable  amounts  of  carbonic  acid  and  sodium  bicar- 
bonate will  nearly  always  grow  relatively  much  more  alkaline  as 
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the  temperature  rises,  though  of  course  their  absolute  alkalinity  re- 
mains very  low.  Blood  is  such  a  solution,  and  the  proof  of  such 
a  relationship  in  blood  is  a  matter  of  no  small  importance  both 
for  physiology  and  for  pathol(^y.  To  this  end  my  collaborator, 
Mr.  O.  F.  Black,  and  I  have  made  preliminary  measurements  of 
the  hydrogen  ionization  of  blood  at  different  temperatures,  using 
a  concentration  cell  of  the  fol- 
__  lowing  construction.    Rabbit's 

-H.*coi  blood  was  brought  in  contact 
with  a  platinized  platinum  hy- 
drogen electrode,  and  through 
the  blood  was  passed  a  gas- 
eous mixture  consisting  of  95 
_  parts  of  hydrogen  and  5  parts 
of  carbon  dioxide,  measured 
by  volume.  The  blood  was 
connected  with  a  normal  so- 
dium chloride  solution,  and 
this  in  turn  with  a  calomel 

FlaifRE  3.  —  Diagram    of   concentra.tion    cell.      .  ,  t-i 

^,  Blood.  5.s«UMimion.  c,  ClomeUiec-  electrode.     The  arrangement 
trode.   D,  Hydrogen  electrode.  is  shown  in  the  accompany- 

ing figure  (Fig.  3). 
Measurements  were  made  in  the  usual  way  against  a  cadmium 
element  of  electromotive  force  w  —  1.019  volts.  Tlie  results,  whose 
absolute  magnitudes  are  obviously  somewhat  in  error,  perhaps 
owing  to  the  uncertainty  of  the  hydrogen  electrode,  are  probably 
quite  reliable  relatively,  and  we  are  here  concerned  only  with  rela- 
tive values.  They  indicate  that  the  hydrogen  ionization  of  blood 
increases  very  little  with  the  temperature,  and  nearly  in  the  ex- 
pected degree. 

2.6  X  10-^ 


!:: 

(H)  = 

(H)  = 

1? 

(H)  = 

(H)  = 

b; 

(H)  = 

(H)  = 

.)^4- 

(H)  = 

l39- 

(H)  = 

Diaiiizedb,  Google 


Neutrality  Regulation  in  Animal  Organism.       441 

At  the  same  time  that  tlie  above  results  were  obtained  a  solution 
made  by  mixing  19  parts  of  noftnal  sodium  chloride  solution  and 
I  part  oi  normal  sodium  bicarbonate  solution  was  investigated; 
for  this  solution  the  value  was  found  at  39°, 

(H)  =  6.8  X  io-». 

This  result  bears  out  the  evident  fact  that  the  above  numbers  are 
too  low;'*  it  presents,  however,  a  strong  support  to  the  beHef  that 
their  relative  magnitudes  have  been  measured  with  sufficient  accu- 
racy for  the  present  purpose. 

The  average  rise  in  hydrogen  ion  concentration  per  degree  rise 
in  temperature  in  these  experiments  is  1,2  per  cent,  corresponding 
to  a  rise  of  25  per  cent  for  the  temperature  interval  between  18° 
and  38°,  or  very  nearly  what  is  to  be  expected  for  a  pure  solution 
of  sodium  bicarbonate  and  carbonic  acid.  It  is  safe  to  conclude, 
therefore,  that  the  alkalinity  of  blood,  and  probably  also  of  proto- 
plasm, increases  materially  with  rising  temperature,  indeed  almost 
as  much  as  the  water  constant  itself." 

Unless  the  relative  magnitudes  of  the  above  results  are  very 
greatly  in  error,  a  condition  which  could  only  have  been  due  to  a 
very  great  diminution  in  the  sodium  bicarbonate  content  of  the 
blood  as  the  temperature  rises,  blood  in  the  body  is  about  three 
times  as  alkaline,  that  is  to  say,  three  times  as  rich  in  hydroxyl 
ions,  as  it  has  been  generally  believed  to  be,'*  Moreover  it  is  very 
improbable  that  the  concentration  of  sodium  bicarbonate  in  blood 
diminishes  to  an  important  degree  on  raising  the  temperature  of 
blood  from  18°  to  38°,  provided  the  tension  of  carbonic  acid  is  kept 
constant,  for  the  only  substances  present  in  blood  which  can  com- 
bine with  sodium  in  considerable  amounts  are  the  proteins. 

It  is  known  that  the  concentration  of  the  sodium  protein  com- 
pounds of  blood  serum  at  18°  is  a  small  fraction  of  the  sodium  bi- 

'*  This  investigation  will  be  continued,  and  it  is  hoped  to  obtain  accurate  meas- 
urements of  the  hydrogen  ion  concentration  at  different  temperatures.  It  seems, 
however,  worth  while  to  present  these  purely  preliminary  results  here  for  the  sake 
of  completeness  in  the  discussion. 

'^  Because  the  water  constant  which  is  equal  to  hydrogen  ion  concentration 
multiplied  by  hydroxyl  ion  concentration  increases  several  hundred  per  cent,  while 
the  hydrogen  ion  concentration  remains  nearly  constant. 

"  HdBER :  Physikalische  Chemie  der  Zelle  und  der  Gewebe,  tweite  Auflage, 
p.  1S2. 
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carbonate  ctmcentratJon,  perhaps  somewhat  less  than  one  tenth." 
A  diminution  of  one  half  in  the  sodium  bicarbonate  concentration 
would  therefore  increase  the  sodium  protein  compounds  about  five- 
fold, and  it  is  highly  improbable  that  such  a  change  could  occur 
without  a  marked  increase  in  the  very  low  alkalinity  of  the  solu- 
tion. On  the  other  hand,  it  is  not  impri^iable  "that  with  the  rising 
temperature  enough  sodium  may  be  transferred  from  carbonic  acid 
to  proteins,""  materially  to  increase  the  s6dium  protein  concentra- 
tion.   This,  however,  would  probably  be  offset,  carbonic  acid  tension 

being  constant,  in  its  effect  c«i  the  ratio  -.  \,-=%-  by  the  diminu- 
NaHCOg 

tion  of  concentration  of  dissolved  carbonic  acid,  due  to  the  dim- 
inution of  the  absorption  coefficient  of  carbonic  acid  as  the  tem- 
perature rises.  For  plasma  at  15°  this  coefficient  is  0-994,  and  at 
38°  0.541." 

Finally,  it  is  clear  that  if  the  increase  of  alkalinity  of  blood  as 
the  temperature  rises  is  of  the  order  of  magnitude  indicated  by 
both  theory  and  experiment,  which,  as  we  have  seen,  are  in  very 
good  accord,  the  increase  of  alkalinity  of  blood  when  the  body 
temperature  rises  to  that  of  high  fever  must  be  not  inconsiderable 
(about  25  per  cent),  and  probably  not  insignificant  in  its  effects. 

The  Heterogeneous  Equilibrium. 

In  a  previous  paper''  it  has  been  shown,  both  theoretically  and 
experimentally,  that  acids  whose  ionization  constants  are  nearly 
equal  to  the  concentration  of  hydrogen  ionS  in  a  neutral  solution 
possess,  with  the  help  of  their  salts,  a  great  capacity  of  preserving 
neutrality.  Other  acids  are,  in  like  concentration,  of  relatively  very 
little  effect  in  this  matter.  Other  things  being  equal,  as  it  appears 
from  the  previous  investigation,  the  greatest  possible  efficiency  in 
preserving  neutrality  within  small  variations  on  both  sides  of  the 
exact  neutral  point  is  possessed  by  that  acid  whose  ionization  con- 
stant, divided  by  the  degree  of  ionization  of  its  salt,  is  precisely 
equal  to  the  hydrogen  ion  concentration  in  pure  water.'*    But  in  the 

i*  Henderson:    This  journal,  1908,  xx\,  p.  169. 

"  Ibid. 

»■  Bohr,  id  Nagel's  Handbuch  der  Physiologic,  i,  erste  Haifte,  p.  63. 

"  Henderson:  This  journal,  1908,  »xi,  p.  173. 

^  That  is  to  say.  if  li  be  the  ioniza.tioa  constant  of  the  acid  and  y  the  degree  of 
ionization  of  the  salt,  the  best  condition  is  thus  defined :  —  =  y/Cji^. 
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body  the  requirements  are  not  precisely  that  variation  in  hydroxyl 
and  hydrogen  ion  concentrations  on  both  sides  of  the  neutral  point 
shall  be  held  equally  well  in  check.  Rather  is  it  necessary  to  preserve 
the  hydrogen  ion  concentration  at  about  0.3  X  lo""^  or  0.4  X  lo""''. 
In  a  simple  system  such  regulation  could  most  efficiently  be  ac- 
complished by  an  acid  of  ionization  constant  about  0.2  X  io~^. 
The  conditions  in  the  body  are,  however,  greatly  modified  from  the 
simplest  case  of  an  isolated  solution  by  the  fact  that  carbonic  acid 
is  to  be  had  in  considerable  amount  at  a  nearly  constant  concentra- 
tion, and  by  other  similar  factors  already  mentioned  in  the  first  part 
of  this  paper.  As  we  have  seen  above,  the  ratio  of  acid  to  salt  in 
blood  and  protoplasm  is  expressed  approximately  by  the  following 
proportion : 

H,CO,         I 
NaHCO,  ~i4*     ' 

But  owing  to  the  fact  that  the  carbonic  acid  tension  does  not  vary 
to  a  considerable  extent  under  normal  circumstances,  material 
changes  in  the  ratio,  which  is  proportional  to  the  hydrogen  ioniza- 
tion, can  be  produced  only  by  greatly  varying  the  amount  of  sodium 
bicarbonate.  Thus  it  appears  that  sodium  bicarbonate  and  carbonic 
acid,  under  these  circumstances,  are  much  more  effective  in  the  regu- 
lation of  the  reaction  than  an  acid  of  ionization  constant  0.2  X  io~'' 
and  its  salt  could  be.  For  instance,  the  amount  of  acid  which  can 
be  neutralized  by  bicarbonate  in  a  system  made  up  of  carbonic  acid 
in  fixed  concentration  0.0017  ^  ^"^  sodium  bicarbonate,  in  passing 
from  a  hydrogen  ionization  0.2  X  io~'  to  a  hydrogen  ionization 
0.4  X  io~',  is  about  0.018  mole  per  litre.  The  acid  neutralized  in 
passing  from  the  former  to  the  latter  hydrogen  ion  concentration 
in  a  system  made  up  of  an  acid  of  ionization  constant  0.2  X  io~' 
and  its  sodium  salt,  the  c<mcentration  of  the  acid,  free  and  com- 
bined, being  equal  to  that  of  free  and  combined  carbonic  acid  in  the 
above  system  at  that  point  where  the  hydrogen  ion  concentration  is 
0.3  X  io~'',  is  only  about  0.005  mole  per  litre. 

Thus  it  appears  that,  through  the  nature  of  carbonic  acid,  and 
the  fact  that  there  is  in  the  body  a  nearly  constant  supply  of  it,  this 
substance  possesses  a  quite  wonderful  capacity,  more  than  three 
times  as  great  as  any  other  substance  not  thus  regulated  by  a  con- 
stant supply  could  have,  of  preserving  the  reaction  in  the  neighbor- 
hood of  a  hydrc^en  ion  concentration  0.3  X  10^'. 


Digitized  by  Google 


444  Lawrence  J.  Henderson. 

This  efficiency  evidently  depends  in  great  part  on  the  regulation 
of  respiration,  whereby  the  concentration  of  carbonic  acid  through- 
out the  body  is  kept  down,  and  upon  those  unknown  mechanisms 
which  check  carbonic  acid  production  when  its  proper  transport  is 
impossible. 

When,  finally,  in  the  process  of  neutralizing-  acid,  the  bicarbon- 
ates  have  been  nearly  used  up,  and  the  reaction  is  almost  precisely 
at  the  neutral  point,  it  is  evident  that  protoplasm  still  possesses  in 
the  phosphates  substances  which  have,  thanks  to  the  ionization  con- 
stant of  the  i(Mi  H2PO4  (2  X  io~'),  nearly  the  greatest  efficiency 
which  ordinary  substances  could  possess  in  checking  increase  of 
acidity.  Moreover  the  diffusibility  of  acid  phosphates  probably 
adds  to  their  efficiency,  much  as  the  adjustment  of  carbonic  acid 
tension  does  to  that  of  the  bicarbonates. 

This  conclusion  is  at  least  strongly  indicated  by  the  diffusi(»i  ex- 
periments of  Maly**  and  by  the  experiments  of  Fitz,  Alsberg,  and 
Henderson  '"  on  the  effect  of  feeding  hydrochloric  acid  to  rabbits. 
Another  similar  indication  is  the  great  predominance  of  actd  phos- 
phates in  normal  urine. 

The  above  considerations  show  that  in  the  matter  of  neutrality 
regulation  the  single  phase  equilibrium  in  the  body  is  rendered  far 
more  efficient  than  it  could  otherwise  be  by  the  intervention  of  other 
phases  acting  selectively  as  reservoirs  of  supply  and  as  vehicles  of 
escape.  Thus  the  theoretical  considerations  above  developed  re- 
garding neutrality  regulation  must  be  modified  for  a  heterogeneous 
system,  in  so  far  as  relative  efficiency  of  different  substances  is  con- 
cerned; for,  by  the  intervention  of  other  phases,  substances  not 
possessing  the  highest  efficiency  in  this  process  in  a  single  phase 
system,  may  become  enormously  more  efficient  than  any  closed  single 
phase  system  can  be.  Thus  is  the  ideal  single  phase  system  easily 
surpassed  by  the  heterogeneous  system  of  the  body. 

We  conclude,  then,  that  the  effectiveness  of  bicarbonates  and 
phosphates  to  preserve  neutrality  in  protoplasm  is  extraordinarily 
great.  The  bicarbonates  constitute  the  first  reserve,  so  to  speak,  in 
neutralizing  acid.  They  are  effective  in  a  far  greater  degree  than 
the  salts  of  any  acids  in  equal  concentration  could  be  because  of  the 
regulation  of  carbonic  acid  concentration  by  diffusion  and  excretion. 
The  phosphates  constitute  the  second  reserve.     When  bicarbonates 

**  Maly:  Berichte  derdeutschenchemischen  Gesellschaft,  1876,  ix,  p.  164. 
**  Fitz,  Alsberg,  and  Henderson  :  This  journal,  1907,  nviii,  p.  113. 
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are  nearly  used  up,  the  efficiency  of  the  phosphates  becomes  great, 
in  fact  probably  greater  than  that  of  any  substance  not  possessing 
the  special  advantage  of  removal  of  the  acid  (KH2P04  in  this  case) 
by  diffusion.  Only  when  an  amount  of  acid  equal  to  about  three 
fourths  of  the  total  carbonic  acid  plus  the  total  phosphoric  acid  of 
protoplasm  has  been  added  to  protoplasm  can  there  be  a  real  begin- 
ning of  acidity.  The  operation  of  other  substances  to  check  the 
growth  of  acidity  is  not  here  considered,  but  obviously  serves  to 
increase  the  efficiency  of  the  process. 

Growing  alkalinity  must  also  be  checked  by  diffusion.  In  blood 
sodium  bicarbonate  is  responsible  for  nearly  10  per  cent  of  the  total 
osmotic  pressure,  and  a  doubling  of  the  blood  alkalinity,  which  with 
constant  carbonic  acid  tension  can  result  only  from  doubling  the 
concentration  of  sodium  bicarbonate,  must  produce  such  a  rise  in 
osmotic  pressure,  about  10  per  cent,  that  the  kidneys  will  operate  to 
lower  it.  This  explains  the  failure  of  experimenters  to  produce  more 
than  a  transitory  increase  in  the  alkalinity  of  blood  as  measured  by 
titration. 

It  is  evident  that  in  general,  wherever  free  carbonic  acid  exists, 
alkalinity  of  any  real  intensity  is  impossible,  for  by  the  action  of  the 
free  acid  all  excess  of  alkali  must  be  speedily  and  completely  con- 
verted into  bicarbonate ;  therefore  in  such  a  case  the  hydr(^;en  ion 

concentration  is  defined  by  the  equation    (H)  ^  j6  .v-?,-?^  tin 

NaHCOg 
which  k  varies  with  the  temperature.  For  the  temperatures  occur- 
ring in  living  organisms  the  value  of  k  can  hardly  be  greater  than 
10  X  10"''  or  less  than  i  X  lo"''.  Moreover,  the  concentration  of 
bicarbonates  in  any  living  cell,  no  matter  how  differentiated  its 
organization,  probably  can  never  approach  nearly  to  the  saturation 
point  of  such  substance;  at  any  rate,  concentration  is  absolutely 
limited  by  that  physical  factor.  Therefore  in  all  living  cells,  of 
whatever  sort,  where  carbonic  acid  is  being  constantly  produced, 
unless  a  mechanism  sufficiently  powerful  to  produce  free  alkalis  or 
carbonates  from  bicarbonates  is  present,  alkalinity  (concentration 
of  hydroxyl  ions)  must  unquestionably  be  very  low  indeed  in  the 
true  aqueous  solutions,  and  probably  it  is  not  in  any  case  much 
■greater  than  the  alkalinity  of  mammalian  blood. 

For  the  future  must  be  left  the  precise  discussion  of  the  role  of 
other  substances  in  neutrality  regulation  of  the  true  aqueous  solu- 
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tions  of  the  body,  as,  for  instance,  the  proteins,*'  and  also  the  far 
more  complicated  and  wholly  dark  problem  of  neutrality  equilib- 
riiun  within  those  cranplicated  {^ases  so  characteristic  of  the  organ- 
ism, the  colloidal  hydrosols  and  hydrogels.  It  is  certain,  however, 
that,  compared  witH  the  importance  of  the  fundamental  equilibria 
in  the  true  solutions  of  the  organism,  all  other  substances  are  of 
secondary  importance  in  the  adjustment  of  the  hydrogen  and  hy- 
droxy! ionization.  It  is  equally  certain  that  whatever  may  be  the 
case  of  the  ci^loidal  particles  in  this  matter,  they  can  influence  the 
true  solutions  of  the  body  only  in  those  ways  which  have  been  care- 
fully discussed  in  the  course  of  this  paper;  their  problem,  then,  is 
a  separate  one.*^ 

Conclusions. 

I.  By  analysis  of  the  equilibrium  between  the  four  substances 
carbonic  acid,  sodium  bicarb(xiate,  mono-sodium  phosphate,  and  di- 
sodium  phosphate,  it  is  shown,  in  accordance  with  the  concentration 
law,  that  previous  findings  concerning  the  constitution  of  such  sys- 
tems are  in  accord  with  the  theory.  Curves  are  presented  which 
define  the  equilibrium  at  i8°,  and  very  accurately  at  38°,  The 
latter  curve  constitutes  an  accurate  description  of  one  of  the  funda- 
mental equilibria  within  the  typical  cell  of  the  warm-blooded  animals. 
■  II,  It  is  pointed  out  that  these  studies  prove  that  such  systems 
possess  nearly  the  highest  efficiency  which  can  occur  in  isolated 
aqueous  solutions,  for  the  preservation  of  neutrality. 

III.  It  is  shown  by  analyzing  the  intervention  of  other  phases 
acting  selectively  as  reservoirs  of  supply  and  as  vehicles  of  escape 
for  some  or  all  of  the  above  substances,  that  the  efficiency  of  these 

**  It  is,  however,  probable  that  in  blood  at  18°  the  sodium  protein  compounds 
are  present  in  concentntion  less  than  oat  tenth  that  of  sodium  bicarbonate.  Even 
if  their  concentration  increases  greatly  as  the  temperature  rises  to  38°,  a  not  im- 
probable event  in  the  light  of  the  theory  of  carbonic  acid  excretion,  they  must  still 
be  present  in  much  lower  concentration  than  sodium  bicarbonate,  and  accordingly 
they  must  possess  at  least  a  proportionately  lower  efficiency  in  preserving  neutrality. 
Accordingly  we  may  conclude  that  the  importance  of  the  proteins  through  their 
alkali-compounds  in  the  preservation  of  neutrality  in  true  solution  is  surely  second- 
ary,    (See  Henderson  :  This  journal,  190S,  xxi,  p.  169.) 

**  It  is  evident  that  colloidal  particles  containing  the  amphoteric  proteins  may 
possess  a  high  importance  in  neutrality  regulation,  both  because  of  their  power  to 
combine  with  bases  and  acids,  and  because  they  may  act  selectively  toward  trvc 
aqueous  solutions  as  reservoirs  of  supply  and  as  vehicles  of  escape.  It  is  planned 
to  undertake  in  the  near  future  the  study  of  this  interesting  problem. 
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systems  in  the  body  is  magnified  to  such  a  degree  that  they  surpass 
the  efficiency  of  any  possible  closed  aqueous  solutions  of  like  con- 
centration in  preserving  hydrogen  ion  concentration  ^ear  0.3  X 
io~'  N.  These  considerations  apply  to  both  intra-cellular  and  extra- 
cellular aqueous  solutions  of  the  organism. 

a.  Increasing  acidity  is  thus  checked,  not  alone  by  reaction,  oper- 
ating to  increase  the  acid  components  of  the  above  solution,  but 
also  by  their  removal  from  the  field  of  reaction.  This  is  dependent 
probably  in  part  upon  their  high  diffusibility  as  acid  substances,  but 
also,  at  least  in  the  case  of  carbonic  acid,  it  is  dependent  upon  the 
intervention  of  a  complicated  special  mechanism  existing  for  that 
purpose  (the  mechanism  for  the  excretion  of  carbonic  acid,  includ- 
ing its  transport  in  the  blood,  regulation  of  respiration,  and  selective 
activity  of  the  lung  epithelium).  The  case  of  acid  phosphates  is 
probably  similar. 

b.  Increasii^  alkalinity  is  checked  not  alcoie  by  reaction,  operat- 
ing to  increase  the  alkaline  components  of  the  above  system,  but  also 
by  their  removal  from  the  field  of  reaction.  This  is  probably  de- 
pendent, in  part  at  least,  upon  simple  diffusion,  but  also  upon  the 
fact  that  material  increase  in  alkalinity  must  necessarily  be  accom- 

.  panied  by  a  large  increase  in  osmotic  pressure,  which  must  be  checked 
by  the  operation  of  the  special  mechanism  existing  for  that  purpose 
(excretion  of  more  concentrated  urine). 

IV.  It  is  shown,  theoretically  and  experimentally,  that  blood  and 
protoplasm  probably  become  much  more  alkaline  as  the  temperature 
rises,  the  hydrogen  ion  concentration  remaining  nearly  constant,  so 
that  the  alkalinity  (concentration  of  hydroxyl  ions)  of  blood  in  the 
body  is  probably  about  three  times  as  great  as  it  has  been  believed  to 
be.  Moreover,  there  is  probably  an  increase  of  about  one  fourth  in 
alkalinity  when  the  normal  body  temperature  rises  to  that  of  high 
fever.  These  relationships  are  due  to  the  fact  that  the  water  con- 
stant (C  ^  (H)  X  (OH))  increases  much  more  rapidly  with  the 
temperature  than  do  the  ionization  constants  of  carbonic  acid,  and 
of  other  weak  acids  which  can  take  part  in  the  equilibrium  in  the 
body, 

V.  These  various  conclusions,  taken  together,  indicate  that  the 
physiological  mechanism  for  the  preservation  of  neutrality,  or  more 
precisely  of  a  condition  in  which  approximately  (H)=o.4X 
i6~''  N  and  (OH)  =  7.2  X  10—'  N  at  ^8"  in  the  aqueous  solutions 
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of  the  body,  possesses  a  remarkable  and  unsuspected  degree  of  effi- 
ciency. The  regulation  in  true  aqueous  solution  is  due  mainly  to 
carbcMiates  and  phosphates,  thou^  other  substances,  as  for  instance 
the  proteins,  play  a  minor  part.  The  efficiency  is  dependent  upon  the 
avidity  of  carbonic  acid  and  mono-sodium  phosphate  as  acids  and 
on  their  high  difFusibility,  on  heterogeneous  equilibria  selectively 
adjusted,  and  on  the  mechanism  for  the  excretion  of  carbonic  acid 
and  for  the  regulation  of  osmotic  pressure.  The  adjustment  is  of 
such  a  nature  that  large  accidental  variations  in  the  concentrations 
of  any  of  the  constituents  of  the  reaction,  such  as  may  normally 
occur,  can  hardly  produce  an  appreciable  effect  upon  the  hydrogen 
and  hydroxy!  ion  concentrations.  Thatis^say,  that  the  process  pos- 
sesses a  high  factor  of  safety,'*  thereby  conforming  to  the  require- 
ments of  an  efficient  biological  process.  It  is  interesting  to  note 
that  we  have  herewith  gained  an  intimate  description  of  the  chemical 
mechanism  of  such  a  process.  Finally,  it  appears  that  pathological 
conditions  or  experimental  assaults  must  cause  death  before  general 
acidity  of  even  very  low  intensity,  or  general  alkalinity  much  above 
the  normal,  can  be  developed  in  the  body  as  a  whole,  in  accordance 
with  clinical  experience  and  experiment.  Acidity  cannot  develop, 
because  it  must  be  preceded  by  an  almost  complete  disappearance  of 
carbonic  acid  from  the  blood,  resulting  in  death.  Alkalinity  cannot 
develop  because  it  must  be  preceded  by  a  great  rise  in  osmotic  pres- 
sure, which  must  be  checked  by  renal  activity. 

In  this  outline  of  the  theory  of  neutrality  regulation,  the  influence 
of  the  nature  of  the  substances  involved  in  the  reactions,  and  the 
effects  of  temperature,  pressure,  and  concentration  and  of  selective 
physiological  activity  have  been  considered.  In  such  a  subject  great 
precision  is  not  demanded,  because  by  the  very  nature  of  physiological 
processes  variations  and  adaptability  must  always  in  certain  respects 
prevent  precision  of  definition.  Accordingly,  unless  the  present  con- 
siderations shall  prove  to  be  in  some  manner  fundamentally  incor- 
rect or  fallacious,  the  description  of  the  physiological  regulation  of 
neutrality  here  presented  must  be  a  true  description  of  the  general 
nature  of  the  process,  a  frame  within  which  all  details  of  the  process 
may  be  pictured.  It  is,  in  that  case,  open  to  quantitative  changes, 
corrections,  and  amplifications,  but  qualitatively  it  must  be  correct. 

*•  See  Meltzkr  ;  Journal  of  the  American  Medical  Aaaociation,  Feb.  23,  1907, 
xlviii,  p.  655. 
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THE  ACTION   OF   STRONTIUM   COMPARED    WITH 
THAT  OF  CALCIUM  AND  MAGNESIUM 

By  S.  J.  MELTZER  and  J.  AUER. 

l/rrvm  a*  DifartmeHt  t/  Pkytitltgy  and  Pkilnmacfl*ty  tf  At  RocktfeUtr  InrHttOi 
/tr  Midkat  Rittareh\ 

STRONTIUM  belongs  to  the  group  of  alkali  earths  and  is  closely 
related  to  calcium  and  magnesium.  It  is  frequently  assumed 
that  within  the  body  strontium  exerts  effects  similar  to  those  of  the 
other  two  related  elements.  In  previous  papers  on  magnesium,  and 
in  the  foregoing  p^er  on  the  antagonism  of  calcium  to  magnesium, 
we  described  different  profound  effects  which  each  of  the  two  ele- 
ments exercise  upon  the  animal  body.  The  question  arose,  which 
of  the  two  does  strontium  resemble  in  its  effect  upon  the  living 
animal  organism?  In  the  experiments  of  Loeb,  Zoethout,  and 
others  we  find  that  strontium,  like  calcium,  suppresses  rhythmical 
as  well  as  tonic  contractions  brought  on  by  other  substances.  In 
the  experiments  of  Overton  we  find,  on  the  other  hand,  that,  like 
calcium,  strontium  is  capable  of  restoring  the  irritability  of  muscle, 
nerve  trunk,  and  nerve  endings,  lost  through  the  influence  of  some 
other  chemical  substance. 

We  do  not  intend  to  enter  here  upon  the  pharmacology  of  stron- 
titmi.  We  made  only  a  few  short  series  of  experiments  with  stron- 
tium to  find  an  answer  to  the  following  three  specific  questions: 

( 1 )  Is  strontium  capable  of  producing  on  mammals  an  anesthetiz- 
ing and  paralyzing  effect  similar  to  that  produced  by  magnesium? 

(2)  Is  strontium  capable  of  antagonizing  the  effects  of  magnesiimi 
in  a  way  similar  to  that  of  calcium?  (3)  Is  calcium  capable  of  an- 
tagonizing strontium  as  it  does  magnesium  ? 

We  shall  illustrate  our  results  with  one  or  two  abbreviated  proto- 
cols of  experiments  bearing  upon  each  of  these  questions. 

Is  strontium  capable  of  producing  anesthesia  and  paralysis  in  a 
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mamter  similar  to  that  produced  by  magnesium?  —  The  e^qterimenls 
were  made  on  rabbits,  and  strondum  chloride  was  the  salt  used. 

Experiment  i.  —  Gray  male  rabbit,  2090  gm. 

10.30.  A.  u.  Injected  subcutaneously  into  the  left  flank  33  cc. 
SrOj  in  m/i  solution  =  4  gm.  per  kilo. 

11.15.  Sitting  up;  respiration  good,  rafud;  cumot  be  turned 
over  on  side, 

12.15.  Still  able  to  sit  up,  but  muscular  weakness  is  marked; 
respiration  fair,  slow;  moves  body  on  light  pinch  of  legs;  Ud 
reflex  good. 

3.00.  Legs  do  not  support  body,  stretch  out  sideways,  espe- 
cially front  legs ;  able  to  move  legs  somewhat ;  feels  pinch ;  res- 
piration slow,  shalk>w;   lid  reflex  present. 

4.00.  Same.  Able  to  raise  head;  shows  tremor;  turns  over 
when  placed  on  side. 

9.30  (next  morning).  Dead;  found  in  the  same  positifm  occu- 
pied previous  day,  when  last  seen. 

With  magnesium,  a  dose  of  1.75  gm.  per  kilo  produces  deep 
anesthesia  and  paralysis  within  thirty  minutes.  A  sli^tly  higher 
dose  usually  proves  fatal  within  one  hour.  Here  a  dose  of  4  gm. 
per  kilo  of  the  strontium  salt  did  not  affect  the  sensibility  and  did 
not  abolish  the  reflexes,  A  very  slowly  developing  paralysis  was 
apparently  the  cause  of  the  late  death  of  the  animal. 

Experiment  2  a.  —  Gray  female  rabbit,  1680  gm. 

1.50.  Injected  through  ear  vein  20  cc  SrQj  in  m/8  solu- 
tion ;   no  visible  effect  upon  respiration. 

2.00.     Animal  hops  about  on  floor ;   no  weakness  of  any  kind. 
2.15.     Very  lively.     Injected  again  through  ear  vein,   fairly 
rapidly,  24  cc.  SrCl^  in  m/8  solution. 

Moderate  weakness  of  legs,  but  sits  up,  moves  around,  cannot 
be  turned  over ;   respiration  perhaps  slower. 

2.55,     Sits  quietly  in  one  place;   respiration  slow.     One  hour 
later  was  apparently  perfectly  normal  again. 
Experiment  2  b.  —  Same  animal,  five  days  l^er. 

12.00.  Injected  slowly  through  ear  vein  6  cc  SrCl^  in  m/i 
solution.  Respiration  stopped,  and  Ud  reflex  gone.  After  thirty 
seconds  respiration  began  again,  and  lid  reflex  returned;  feels 
pinch,  lies  on  side,  cannot  sit  up. 

12,17,     Sits  up,  can  move  about  floor. 
4.00,     Seems  perfectly  well. 


Digitized  by  Google 


Strontium  Compared  with  Calcium  and  Magnesium.    45 1 

An  intravenous  injection  of  44  c.c.  of  SrClj  m/8  had  practically 
no  effect,  and  6  c.c.  in  a  molecular  solution  had  only  a  momentary 
effect. 

The  effect  of  strontium  has  apparently  no  similarity  with  that  of 
magnesium.  No  anesthesia  whatsoever,  and  no  loss  of  reflexes  was 
noted.  A  very  large  dose  (4  gm,  per  kilo)  causes  a  very  slowly 
developing  paralysis. 

Is  strontium  capable  of  antagonising  the  effects  of  magnesium  in 
a  way  similar  to  the  antagonistic  action  of  calcium?  — 

Experiment  3.  —  Yellow  female  rabbit,  1270  gra. 

2.45.  Injected  subcutaneously,  left  side,  12  cc,  MgClj  m/i  = 
1.7  gra.  per  kilo, 

3.10.  Lying  on  side;  respiration  shallow;  lid  reflex  active. 
3,15.  Respiration  very  shallow.  Injected  through  ear  nearly 
IS  c.c,  m/&  SrClj.  No  improvement  whatsoever;  respiration 
gone,  heart  beats  only  occasionally.  Hurriedly  injected  through 
ear  vein  "  5  to  10  "  c.c.  CaClj  in  m/8  solution.  Immediately  after 
a  short  respiration ;  gradually  began  to  breathe  regularly  and 
normally. 

3.20.     Unable  to  sit  up. 

.Animal  gradually  recovered  completely. 

Strontium  certainly  did  not  neutralize  the  inhibitory  effects  of 
magnesium,  but  it  did  not  hinder  the  neutralizing  action  of  calcium. 

Experiment  4.  —  Black  and  white  rabbit,  1755  gm. 

10.30.  Injected  subcutaneously  left  side  13  cc.  MgClj  in  m/i 
solution  =  1.5  gm.  per  kilo.    Slight  massage. 

10.50.  Respiration  shallow,  slow;  feels  pinch;  lies  on  side, 
limp;  lid  reflex  active, 

11.00.  Injected  into  ear  vein  slowly  r  c.c.  SrClj  in  m/i  solu- 
tion. Respiration  apparently  slightly  deepened;  lid  reflex  disap- 
peared completely;  no  sensation  whatsoever;  no  attempt  at  mo- 
tion ;  animal  more  limp  than  before.  Injected  again  through  ear 
vein  5  c.c,  m/S  SrClj.  Respiration  again  slightly  better,  other- 
wise completely  anesthetic  and  paralyzed.  Remains  in  the  same 
position  for  over  two  hours. 

1.40.  Suddenly  turned  over;  feels  pinch,  but  is  very  weak; 
remains  on  side  when  placed  there. 

5.00.     Able  to  sit  up :  moves  on  pinching  leg ;  lid  reflex  slight. 
From  a  dose  of  r.5  gm,  MgCl^  per  kilo  an  animal  usually  recovers 
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fairly  rapidly.  When  this  rabbit  received  the  intravenous  injection 
of  strontium,  it  had  yet  an  active  lid  reflex,  felt  a  pinch,  and  re- 
sponded with  a  motion.  Immediately  on  receiving  some  strontium, 
all  this  completely  disappeared,  and  the  animal  remained  much 
longer  and  much  deeper  in  a  state  of  coma  and  paralysis  than  it 
would  have  without  the  strontium.  The  respiration,  however,  im- 
proved very  slightly  after  the  injection  of  strontium. 

^milar  results  were  obtained  in  other  experiments  which  were 
of  a  similar  order.  There  is  practically  no  similarity  between  the 
action  of  strontium  and  that  of  calcium  in  relation  to  the  inhibitory 
effect  of  magnesium.  Strontium  not  only  does  not  neutralize,  but 
seems  to  aggravate,  some  of  the  inhibitory  symptoms.  It  seems, 
however,  to  cause  a  slight  improvement  of  the  respiration. 

Is  calcium  able  to  neutralise  the  effects  of  strontiumf  — 

Experiment  5.  —  Gray  female,  2650  gm. 

9.45.  Injected  subcutaneously  in  right  flank  42  c.c.  SrO^  in 
m/l  solution  =  4  gm.  per  kilo, 

12.20.     Still  able  to  sit  up,  legs  under  body. 

1.50.  Unable  to  hop,  but  legs  not  yet  spreading,  and  animal 
is  still  in  a  fairly  good  condition.  Injected  12  c.c.  CaQj  m/&  in 
ear  vein.  Condition  became  distinctly  worse;  cannot  sit  up  any 
more,  legs  spreading  sideways. 

3.50  and  5,00  p.  M.  Unable  to  get  legs  under  body;  lying  cm 
belly  with  legs  stretched  out  sideways ;   lid  reflex  active. 

9.30  (next  morning).  Dead,  lying  in  same  position  as  left 
(Ml  previous  day. 

Calcium  did  not  neutralize  any  of  the  effects  of  strontium;  on 
the  contrary,  it  seemed  to  have  hastened  the  development  of  mus- 
cular weakness.  Similar  results  were  obtained  in  other  experi- 
ments. Calcium,  to  say  the  least,  does  not  antagonize  the  effects  of 
strontium. 

Conclusions. 

The  effects  of  strontium  differ  strikingly  from  those  of  magne- 
sium ;  it  does  not  cause  anesthesia  and  does  not  affect  sensibility  and 
the  reflexes.  The  paralysis  which  it  causes  develops  very  slowly  and 
only  after  very  large  doses  given  subcutaneously. 

The  action  of  strontium  differs  completely  from  that  of  calcium, 
at  least  with  respect  to  the  neutralization  of  the  inhibitory  effect  of 
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magnesium.  It  causes  a  very  slight  improvement  of  the  respiration; 
otherwise  it  seems  rather  to  aggravate  and  hasten  the  inhibitory 
symptoms  due  to  magnesium,  especially  the  paralysis. 

Calcium  is  not  antagonistic  to  the  effects  of  strontium ;  if  any- 
thing, it  increases  them. 

As  far  as  the  effects  are  concerned  with  which  we  are  dealing, 
strontium  differs  radically  ircxn  magnesium  as  well  as  from  calcium. 
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SOME  VASOMOTOR  CHANGES  IN  THE  CEREBRAL 
VESSELS  OBTAINED  BY  STIMULATING  THE  CAR- 
OTID PLEXUSES. 

By  CARL  J.  WIGGERS. 
Ifrvm  tit  Pkytiotogital  Laberatory  ef  tkt  Utm/trtity  ef  Muh^aii^ 

I.  Introduction. 

A  NATOMICAL  arrangement  foretells  that  the  fibres  regulating 
**■  the  cerebral  vessels  run  either  by  way  of  the  plexuses  surround- 
ing the  internal  carotid  arteries  or  by  those  accompanying  the  ver- 
tebrals.  From  histological  degeneration  experiments  ^  it  appears 
probable  that  the  fibres  following  the  internal  carotid  route  are 
postganglionic  fibres  with  their  cell  bodies  in  the  superior  cervical 
ganglion.  These  fibres  fonn  more  or  less  distinct  bundles  ascending 
on  the  inner  aspect  of  the  carotid  arteries  and  separating  into  an 
inner  and  an  outer  division.  Here  they  may  often  be  seen  by  a  lens 
as  tiny  strands  which  break  up  into  plexuses.  The  outer  division 
forms  a  plexus  on  the  internal  carotid  artery  while  in  the  canal,  and 
the  inner  gives  rise  to  a  similar  plexus  as  that  vessel  comes  to  lie  in 
the  cavernous  sinus.  From  these  plexuses  other  perivascular  net- 
works are  formed  which  supply  the  arterial  branches  from  the  Circle 
of  Willis. 

By  the  vertebral  route  postganglionic  fibres  pass  from  the  inferior 
and  upper  thoracic  ganglia  through  the  vertebral  canal  with  the 
artery,  and  ultimately  form  a  plexus  on  the  basilar  artery.  From 
this  plexus  filaments  extend  to  its  branches  and  seem  to  supply  the 
more  posterior  portion  of  the  brain. 

To  stimulate  these  plexuses  and  obtain  results  which  should  admit 
of  no  question  as  to  whether  these  fibres  have  any  control  over  the 

^  Huber:  Journal  of  comparative  neurology,  [899,  ix,  p.  1. 
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cerebral  vessels,  has  been  the  chief  aim  of  my  researches  for  the  last 
three  years.  Up  to  the  present  time  this  desire  has  not  been  entirely 
realized,  owing  to  the  difficulty  in  stimulating  these  delicate  filaments 
and  in  maintaining  their  functional  activity  while  the  vessels  were 
being  perfused.  The  results  so  far  obtained,  however,  seem  definite 
enough  to  warrant  their  immediate  publication,  although  experi- 
mentation in  this  line  will  be  continued. 

II.  Methods  of  Stimulating. 

The  brain  vessels  were  perfused  alone  and  the  outflow  continu- 
ously recorded  by  the  methods  described  in  my  former  papers.' 
To  stimulate  the  nerve  plexuses  around  the  internal  carotids,  these 
arteries  were  first  exposed  in  their  bony  canal  somewhat  beyond 
their  internal  ophthalmic  branches.  At  first,  attempts  were  made 
to  dissect  away  the  carotid  sheaths  and  the  nerve  filaments  from  the 
arteries  and  to  stimulate  this  strand.  This  method  proved  to  be  im- 
practicable, for  the  nerve  filaments  were  so  injured  during  the 
manipulation  that  on  stimulation  they  yielded  no  results.  Recourse 
was  then  had  .to  methods  which  left  the  nerve  filaments  intact.  In 
some  experiments  the  internal  carotid  arteries  were  ligated  far  down,  . 
and  each  branch  tied  off  separately.  The  whole  artery  with  the  nerve 
plexus  untouched  was  then  placed  on  small  insulated  electrodes  and 
stimulated.  In  later  experiments  one  ligature  was  placed  beyond 
the  origin  of  the  internal  ophthalmic,  and  small  insulated  electrodes 
applied  above  this  point.  These  electrodes  were  in  every  case  ap- 
plied to  the  artery  and  its  plexus  so  as  to  remain  absolutely'  stationary 
during  the  experiment.  Thus  no  mechanical  change  in  outflow  due 
to  their  application  could  occur. 

III.  Results  and  their  Discussion. 

The  Normal  Flow.  —  On  perfusing  the  brain  it  was  found  in 
numerous  experiments  that  the  flow  at  first  tended  to  increase  grad- 
ually, later  to  decrease  to  and  even  below  the  original  amount.  The 
cause  of  the  preliminary  increase  is  due,  in  part  to  the  more  com- 
plete flushing  out  of  the  vessels  by  the  perfusion  fluid,  but  in  part, 
also,  to  an  active  relaxation  of  the  vessels  under  the  influence  of  the 
warm  solution.  This  factor  can  be  demonstrated  to  exist,  for,  if  a 
*  WiGGERS:  This  journal,  1905,  xiv,  p.  452;  1907,  xx,  p.  106. 
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cold  solution  is  allowed  to  replace  a  warm  one,  a  prompt  decrease 
occurs.  The  subsequent  decrease  in  flow  seems  to  be  the  result  of 
a  gradually  developing  edema  of  the  surrounding  tissues. 

The  quantity  of  fluid  perfused  varies  but  little  within  short  inter- 
vals of  time,  unless  the  position  of  the  inflow  cannula  is  interfered 
with  or  a  vessel  ruptures.  If  either  of  these  accidents  occurs,  a 
permanent  as  well  as  sudden  change  in  outflow  results. 

Results  on  StimtUation.  —  If  the  carotid  sheaths  are  stimulated  at 
a  time  when  the  physiological  condition  of  the  nerves  and  the  tech- 
nic  are  favorable,  a  decrease  in  flow  through  the  brain  vessels  fol- 
lows. The  nature  of  this  is  shown  in  the  segment  of  a  curve  repro- 
duced in  Fig.  I.  Similar  results  were  obtained  in  other  experiments 
in  each  of  which  several  stimulations  were  made.  The  data  from 
these  experiments  are  presented  in  Table  I. 

A  glance  at  the  outflow  changes  published  in  this  table  shows 
without  question  that  stimulation  of  the  plexuses  surrounding  the 
internal  carotid  arteries  caused  a  decrease  in  flow  through  the  cere- 
bral vessels.  The  question  naturally  arises,  Do  these  results  also 
give  any  indication  as  to  the  most  efficient  form  of  stimulus  for 
exciting  these  fibres,  a  form  which  could  be  most  profitably  used  in 
further  investigations  ?  Conclusions  on  this  point  can  be  stated  only 
provisionally,  for  not  only  are  the  data  too  few,  but  the  condition  of 
the  nerves  at  the  time  of  stimulation  must  have  varied  in  different 
preparations.  Few  references  in  the  literature  have  come  to  my 
notice  as  to  the  length  of  time  after  death  of  the  animal  that 
nerves  may  be  expected  to  have  an  influence  over  perfused  organs. 
Howell '  states  that  the  vagus  action  ceases  one  hour,  and  the  accel- 
erator action  about  four  hours,  after  the  death  of  the  animal.  Brodte 
and  Dixon  *  found  vaso-constrictor  nerve  trunks  to  be  excitable  as 
long  as  two  to  three  hours  after  death.  I  have  never  obtained  re- 
sults on  the  cerebral  vessels  later  than  one  and  one-half  hour  after 
death.  Between  the  time  of  decapitation  and  the  final  cessation  of 
function  there  must  be  a  period  of  gradually  failing  irritability,  the 
influence  of  which  on  the  degree  of  reacticm  cannot  be  determined. 
The  results  obtained  offer  some  indication  of  the  following  relations 
between  the  reaction  and  the  stimulus  applied. 

I,  The  strength  of  current  employed  seems  to  be  one  of  the  fac- 

*  Howell  r  Jonm^  of  physiology,  [906,  xxkv,  p.  134. 

*  Brodie  and  Dixon  :  Journal  of  pbysiolt^,  1904,  xxx,  p.  499. 
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tors  which  determine  the  degreeto  which  the  vessels  react  (cf.  Ex- 
periments 42*  and  84^  with  other  experiments)." 

2.  The  duration  of  the  stimulation  is  apparently  a  factor  in  the 
degree  of  reaction.  Stimulation  with  the  same  strength  of  current 
gives  more  pronounced  results  in  those  cases  where  the  duration  is 
longest  (cf.  Experiments  74  and  65'  with  65',  62S  and  62"). 


FleUKK  1.  — Segment  of  curve  t»ken  Februirj  ZO,  1908,  thowing  records  o£  perfuiion 
pressure,  outflow  from  cerebral  veisel*,  time  Anil  durition  of  s^muUtioD  (secondaiy 
coil  u  19,  rate  3Z  per  tecond)  and  time  in  secondi.  Leitera  X  indicate  relative  por- 
tion of  points.  1.  Normal  floiv  and  perfusion  pressure.  2.  Effect  of  stimulating  left 
carotid  sheath  on  outflow  and  perfusion  pressure.  3.  PemunenI  mechanical  effect 
oo  same,  doe  to  crushing  nerves.    4.  No  effect  on  stimulation  afier  crushing. 


3.  The  rate  of  application  of  the  stimulation  has  no  noticeable 
effect  on  the  degree  of  reacticMi,  as  shown  by  a  comparison  of  ex- 
periments in  which  the  strength  and  duration  of  the  stimulus  were 
the  same  but  the  rate  altered  {cf.  Experiments  42'  and  42*  with  42*, 
7&,  and  y&). 

4.  The  rate  of  application  of  the  stimulus  possibly  influences  the 
latent  period  of  the  reaction,  which  is  generally  shorter  when  a  rapid 
rate  is  used  (cf.  Experiments  74,  76*,  84*,  65^,  76*,  and  76*  with 
65',  42>,and62^). 

The  fact  that  the  flow  through  the  cerebral  vessels  diminishes  on 
stimulation  of  the  carotid  plexuses  certainly  signifies  that  the  ves- 
sels constricted.  Does  it  necessarily  signify  that  this  wiis  occasioned 
by  vaso-constrictor  fibres  in  these  plexuses?  Two  other  possibilities 
must  first  be  answered.  In  the  first  place  it  may  be  suggested  that 
the  nerve  fibres  were  not  stimulated  alone,  but  together  with  the 


'  Highest  figures  in  column  showing  position  of  secondary  coil  indie 
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arterial  wall.  Any  direct  constriction  of  the  tied  oflF  internal  carotid 
artery  must  be  entirely  local.  This  would  theoretically  tend  to 
increase  slightly  the  amount  of  fluid  in  the  Circle  of  Willis  and  thus 
augment  the  outflow  and  not  decrease  it  As  a  matter  of  fact,  this 
local  effect  can  never  be  seen  to  influence  the  outflow  when  nerve 
stimulation  is  unsuccessful,  though  in  these  cases  the  wall  must  have 
been  stimulated. 

In  the  second  place,  the  possibility  exists  that  the  constriction  of 
these  vessels  may  have  been  caused,  not  through  any  nerve  action, 
but  by  a  spread  of  the  current  to  them.  Any  one  who  is  c<^;nizant 
of  the  distance  and  obstacles  existing  between  the  point  stimulated 
and  the  vessels  which  must  react  to  cause  a  diminished  flow  cannot 
fail  to  see  that  a  powerful  spread  would  be  necessary  to  affect  them 
in  this  way.  It  was  found  that  the  usual  method  of  excluding  the 
spread  of  current  by  crushing  the  nerve  beyond  the  point  stimulated 
could  only  exceptionally  be  applied  without  causing  outflow  changes 
of  such  extent  as  to  render  the  results  valueless.  Only  in  one  ex- 
periment, a  portion  of  which  is  shown  in  Fig.  i,  was  the  proceeding 
successful.  In  this  as  in  other  experiments  the  current  used  was 
of  such  strength  that,  as  previously  tested,  it  caused  no  spread  when 
tested  on  a  nerve-muscle  preparation  under  similar  conditions,  and 
ceased  to  give  a  depressor  effect  on  a  rabbit  after  crushing  the  nerve 
peripherally.  In  addition  every  precaution  was  taken  to  isolate  with 
rubber  dam  all  parts  except  that  stimulated.  The  probability  that  a 
spread  of  current  was  the  cause  of  the  reaction  is  very  small. 

The  conclusion  may  then  be  drawn  that  these  results  give  direct 
physiological  evidence  of  a  nerve  control  over  the  cerebral  vessels,  — 
a  conclusion  which  was  foreshadowed  by  the  reactions  of  vessels 
■  to  drugs. 
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THE  EFFECT  OF   HEMORRHAGE  UPON   THE 
VASOMOTOR  REFLEXES.* 

By  W.  T.  PORTER  AMD  H.  K.  MARKS. 
[Fram  thi  La6vrattry  vf  Comfarattve  Phyiielegy  in  tht  Harvard  JftJical  SeMtet."] 


TT  has  long  been  known  that  the  nerve  cells  are  extraordinarily 
■*■  dependent  upon  oxygenated  blood.  When  the  blood  supply  is 
shut  off  by  the  closure  of  the  cerebral  and  spinal  vessels,  the  re- 
flexes speedily  disappear,  and  structural  changes  in  the  cells  begin. 
If  the  ansemia  be  prolonged,  even  for  minutes,  recovery  at  best 
is  difficult  and  slow.  Important  as  are  these  conclusions,  drawn 
from  a  complete  or  almost  complete  anaemia,  they  must  yield  in 
interest  to  the  study  of  partial  and  progressive  anaemia.  Having 
once  established  the  dependence  of  the  nerve  cells  upon  blood  supply, 
we  are  concerned  chiefly  in  determining  upon  how  little  food  they 
can  do  their  work.  The  present  paper  deals  with  progressive 
anaemia  of  the  vasomotor  cells  from  external  haemorrhage. 

11. 

The  influence  of  external  haemorrhage  upon  the  vasomotor  cells 
can  be  studied  by  measuring  the  reflex  change  in  blood  pressure 
occasioned  by  the  stimulation  of  afferent  nerves  at  the  different 
levels  to  which  the  general  blood  pressure  is  reduced  by  the  pro- 
gressive loss  of  blood.  This  we  have  done,  and  we  have  also  de- 
termined quantitatively  the  effect  upon  the  reflex  of  raising  the 
fallen  pressure  by  the  injection  of  defibrinated  blood.  Experiments 
in  this  general  direction  have  been  made  before.'    But  as  measure- 

'  The  experiments  upon  which  this  paper  is  baaed  were  made  in  1906  and 
briefly  reported  at  the  meeting  of  the  American  Physiological  Society  in  December 
of  that  year.     The  experiments  were  repeated  in  1907  and  again  in  1908. 

'  The  literature  has  of  late  been  frequently  summarized.     The  most  recent 
papers  are  those  published  in  this  journal  by  Guthrie,  Pike,  and  Stewart. 
460 
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ments  these  earlier  experiments  are,  in  our  opinion,  insufficient 
for  our  present  purpose  in  that  they  fail  to  apply  the  principle  of 
percentile  values.  The  absolute  reflex  change  in  blood  pressure 
obtained  at  one  level  cannot  be  compared  directly  with  that  ob- 
tained at  a  different  level.  For  example,  in  one  series  the  stimu- 
lation of  the  sciatic  nerve  in  the  rabbit,  while  the  blood  pressure 
was  100  mm,  Hg,  caused  a  rise  of  35  mm.,  and  when  the  blood 
pressure  was  50  mm,,  a  stimulus  of  equal  intensity  still  caused  a 
rise  of  35  mm.  The  absolute  change  was  the  same  in  both,  but 
in  the  first  instance  this  change  was  35  per  cent,  while  in  the 
second  it  was  70  per  cent.  This  is  the  well-known  difference 
between  the  moral  and  the  statistical  value.  An  unfaithful  trustee 
robs  two  women.  One  of  these  has  $40,000,  the  other  $20,000. 
From  each  he  takes  $10,000.  Their  absolute  loss  is  the  same,  but 
one  woman  can  still  live  on  her  income,  while  the  other  must 
work  or  beg.  It  is  necessary,  then,  in  measuring  vasomotor  re- 
flexes to  take  into  account  the  level  of  the  blood  pressure  at  the 
beginning  of  stimulation,  and  this  is  done  by  expressing  the  change 
in  blood  pressure  as  a  percentage  of  this  level.' 

The  animals  used  were  cats  and  rabbits.  They  were  anaesthetized 
with  ether  and  tracheotomized.  Cannulas  were  placed  in  the  cen- 
tral ends  of  the  carotid  arteries  and  in  the  external  jugular  or  the 
crural  vein.  The  vagus  nerves  were  severed,  and  the  sciatic  and 
one  or  another  of  the  brachial  nerves  prepared  for  stimulation. 
In  the  rabbit  the  depressor  nerve  was  also  prepared,  and  in  the 
cat  the  central  end  of  one  severed  vagus  nerve  was  used  as  a 
depressor  whenever  preliminary  stimulation  showed  the  presence 
of  a  sufficient  number  of  depressor  fibres;  sometimes  these  fibres 
ran  apart  from  the  vagus,  as  in  the  rabbit.  Curare  was  cautiously 
injected  into  the  vein  and  artificial  respiration  begun.  The  afferent 
nerves  were  now  stimulated  with  induction  currents  to  determine 
the  normal  reflex  rise,  or  respectively  fall  of  blood  pressure.  The 
normal  reflex  being  recorded,  the  animal  was  bled  from  the  carotid 
artery  until  the  blood  pressure  fell  to  a  new  level.  Here  the  reflex 
was  again  measured,  and  thus  the  condition  of  the  vasomotor  cells 
was  tested  at  lower  and  lower  levels,  until  at  length  the  reflex 
failed.  Then  injections  of  normal  saline  solution,  usually  mixed 
with  defibrinated  blood,  were  made,  and  if  the  pressure  rose,  and 

*  W.  T.  Porter:  Vasomotor  relations,  the  Harvey  lecture  published  in  the 
Boston  medic^  anil  surgical  journal,  1908,  clviii,  p.  73. 
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the  reflex  returned,  the  bleeding  was  repeated  and  the  reflex  again 
recorded  as  the  pressure  sank. 


III. 

In  studying  the  effect  of  haemorrhage  upon  the  vasomotor  re- 
flexes the  investigator  would  wish  to  determine,  first,  the  level  at 
which  the  continued  loss  of  blood  would  cause  the  disappearance 
of  the  reflexes,  indicating  that  the  vasomotor  cells  were  no  longer 
active.  The  answer  to  this  question  is  given  by  Fig.  i.  With  the 
animal  horizontal  and  all  the  experimental  procedures  well  per- 
formed, it  is  probable  that  the  arterial  pressure  may  sink  almost 
or  quite  to  zero  without  the  complete  loss  of  the  reflex. 

Certainly  in  Fig.  i  the  sciatic  reflex  is  still  visible  at  a  pressure 
of  10  mm.  Hg.  If,  however,  the  blood  pressure  remain  even  for 
a  few  moments  at  this  low  level,  the  recovery  of  the  vasomotor 
cells  will  be  difficult  and  at  best  very  gradual,  as  in  Fig.  i. 

Not  less  interesting  is  the  level  at  which  the  reflex  begins  to  be 
seriously  impaired  by  the  failing  nutrition  of  the  vasomotor  cells. 
The  determination  of  this  point  is  assisted  by  the  statistical  device 
described  in  a  former  paper,*  As  is  there  pointed  out,  the  influence 
of  "  accidental  "  errors  may  be  greatly  diminished,  even  with  the 
small  number  of  observations  collected  in  hasmodynamic  studies, 
by  dividing  the  observations  into  groups  and  taking  the  arithmetical 
mean  of  each  group.  The  present  observations  have  been  thus 
treated.  The  rise  following  each  stimulation  of  the  sciatic  or 
brachial  nerve"  was  expressed  as  a  percentage  of  the  blood  pres- 
sure at  the  beginning  of  stimulation,  and  the  percentages  taken 
between  11-20,  21-30,  31-40,  41-50,  51-60,  61-70,  and  71-80  mm. 
Hg  blood  pressure  were  added  together.  Each  of  the  seven  groups 
was  now  divided  by  the  number  of  observations  in  the  group.  The 
observations  in  1907  upon  five  cats  and  one  rabbit  are  given  in 
Table  I.  It  appears  that  the  reflex  begins  to  fail  when  the  arterial 
pressure  has  fallen  to  about  30  mm.  Hg.  It  should,  however,  be 
especially  noted  that  the  percentile  reflex  rise  remains  more  than 
half  normal  even  below  20  mm. 

'  W,  T.  Porter:  This  journal,  1907,  xx,  p.  401. 

'  The  number  o£  observations  with  depressor  fibres  was  too  small  tor  statistical 
purposes. 
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IV. 

The  persistence  of  a  considerable  reflex  at  such  a  low  arterial 
pressure  gives  hope  that  the  vasomotor  cells  will  recover  their  full 
ipowers  when  the  blood  pressure  is  raised  toward  normal. 

This  hope  is  apparently  realized  in  Fig.  i.  The  recovery  of 
power,  measured  by  the  percentile  reflex  rise,  is  in  this  experiment 


Blood  pre^ure 
altbebeEinning 

of  ».imul.lion. 

Numb«r  of 
observaiioDS, 

Sam  of  iodivid- 

Average  per- 
centile itee  in 
blood  pressure. 

71^ 
61-70 
51-60 
41-SO 
31-40 
21-30 
11-20 

4 
6 
S 

10 
6 

15 
8 

2S5 
431 
334 
719 
455 
629 
348 

71 
73 
67 
72 
76 
42 
43 

seemingly  complete,  but  it  will  be  remarked  that  the  level  to  which 
the  arterial  pressure  was  restored  by  the  injections  employed  was 
still  much  below  the  normal.  At  higher  levels  the  recovery  was 
not  complete.  Extended  observations  show  how  injurious  are 
even  brief  ansemias. 

Nevertheless,  there  emerges  from  these  observations  a  clear  im- 
pression that  haemorrhage  may  almost  destroy  the  arterial  pressure 
without  much  loss  in  the  reflex  power  of  the  vasomotor  cells, 
provided  the  animal  be  motionless  in  the  horizontal  position.  The 
current  in  the  bulbar  capillaries  ordinarily  sets  from  the  arteries 
toward  the  veins,  but  this  hydrostatic  custom  is  easily  reversible. 
In  animals  such  as  the  cat,  when  the  arterial  tone  is  sufficiently 
low.  the  stream  will  pass  from  the  veins  through  the  capillaries 
into  the  circle  of  Willis,  —  poor  food,  it  is  true,  but  better  than 
none,  and  in  fact  quite  able  to  maintain  high  vasomotor  reflexes. 
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It  is  chiefly  the  force  of  gravity  that  impels  the  venous  blood  back 
through  the  capillaries.  When  arterial  pressures  are  high,  gravity 
may  be  neglected,  —  to  make  it  negligible  is,  in  truth,  largely  the 
purpose  for  which  arterial  tone  exists,  —  but  when  the  arterial 
pressure  is  low,  gravity  becomes  a  most  important  prophylactic 
and  curative  agent. 
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